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Executive  Summary7 

The  objective  of  the  proposed  work  is  to  develop  a  high  performance  low  cost  antenna  array 
using  integrated  Continuous  Transverse  Stub  (CTS)  and  Ferroelectric  material  technologies. 
Tasks  included  the  design  of  a  CTS  antenna  array  in  the  Ka-Band  w  ith  bandw  idth  of  over  1GHz, 
simulation  of  the  beam  steering  capability  of  an  integrated  CTS  array  with  ferroelectric  phase 
shifters  placed  between  the  antenna  array  elements,  the  fabrication  and  characterization  of  multi¬ 
dielectric  layers  ferroelectric  phase  shifters,  and  the  possible  evaluation  of  a  complete  integrated 
antenna  array  design  with  the  proposed  ferroelectric  material  phase  shifters. 

Accomplished  tasks  include  a  successful  design  of  the  Ka-band  CTS  antenna  array  with  over  1 
GHz  bandwidth,  the  simulation  of  the  integrated  CTS  antenna  array  performance  with  multi¬ 
dielectric  layer  ferroelectric  phase  shifters,  conducting  a  comparative  study  between  the  multi- 
and  single-  layer  coplanar  waveguide  ferroelectric  phase  shifters  designs,  and  the  more  recent 
successful  fabrication  and  characterization  of  ferroelectric  phase  shifters.  Results  from  the  CTS 
antenna  design  work  may  be  found  in  references  [1-4],  and  results  from  the  comparative  study  of 
the  single-  and  multilayer  ferroelectric  phase  shifters  may  be  found  in  [5-7].  Simulation  results 
that  demonstrate  the  feasibility  of  using  the  integrated  CTS  and  ferroelectric  materials  approach 
for  designing  high  performance  phased  antenna  array  can  also  be  found  in  reference  [8].  In  this 
case  it  is  shown  that  while  this  approach  is  feasible,  inclusion  of  thicker  layer  of  ferroelectric 
material  will  be  required  to  achieve  beam  steering  more  than  ±20° .  To  avoid  the  use  of  thicker 
ferroelectric  layers  and  the  corresponding  need  for  a  larger  DC  bias  voltage,  an  approach  in 
which  analog  phase  shifting  would  be  accomplished  using  the  proposed  technology  while  larger 
phase  shifts  would  be  achieved  using  available  digital  technologies.  It  is  believed  that  this 
combined  analog  (small  beam  steering  angles)  and  digital  (large  steering  angles)  would  lead  to 
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optimum  phased  antenna  array  designs  with  performance,  cost,  and  required  DC  bias  voltage  all 
taken  into  consideration. 

As  the  results  of  the  antenna  array  design  and  the  simulated  performance  of  the  integrated 
CTS  and  ferroelectric  antenna  array  are  available  in  articles  published  by  our  group  [1-8],  focus 
in  this  report  is  placed  on  the  fabrication  and  characterization  aspect  of  the  ferroelectric  phase 
shifters.  While  our  group  has  been  successful  in  fabricating  thin  film  ferroelectric  phase  shifter 
with  as  much  as  27  degrees  of  phase  shifts  at  20  GHz,  work  is  still  underway  to  help  develop 
multilayer  ferroelectric  phase  shifters  as  well  as  on  the  development  of  an  integrated  CTS  and 
ferroelectric  phased  antenna  array.  We  hope  that  we  will  be  able  to  attract  additional  funding  to 
help  us  complete  the  development  of  this  innovative  phased  antenna  array  technology. 


4 


Low  Cost  High  Performance  Phased  Array  Antennas  with  Beam  Steering 

Capabilities 

1.  Introduction 

Low  cost  and  high  performance  steerable  antennas  have  been  a  critically  important  and 
challenging  topic  in  satellite  communication,  radar,  navigation,  remote  sensing,  and  space 
exploration.  Ferroelectric  tunable  RF  devices  such  as  phase  shifters  and  RF  switches 
incorporated  into  high  performance  phased-array  antennas  with  beam  steering  capabilities  are 
one  promising  technology  to  satisfy  these  requirements.  While  many  emerging  designs  and 
alternative  approaches  are  being  developed  to  help  achieve  the  desired  high  RF  performance  and 
low  cost  objectives,  there  is  still  a  need  for  fresh  ideas  that  may  provide  complementary  avenues 
to  other  ongoing  research.  For  example,  while  some  are  continuing  with  the  development  of  the 
MEMs  technology  with  focus  on  overcoming  some  of  the  remaining  difficulties  including  RF 
packaging,  reliability,  reducing  the  response  time,  and  lowering  the  required  switching  voltages, 
others  are  pursuing  the  development  of  metamaterials  and  Electromagnetic  Band  Gap  Surfaces 
(EPG)  to  help  develop  new  devices  say  with  reduced  size,  multiband  capabilities,  or  to  enhance 
the  performance  by  increasing  gain  and  mitigating  interferences. 

In  our  research,  we  investigate  development  of  the  low  cost  ferroelectric  tunable  RF  devices 
and  integrated  phased  antenna  arrays  with  beam  steering  capabilities.  Ferroelectric  materials  are 
characterized  by  change  in  permittivity  with  an  applied  dc-bias  voltage.  This  change  in 
permittivity  can  be  used  to  change  the  electrical  length  of  a  transmission  line  and,  hence,  in  the 
design  of  low-cost  phase  shifters.  Furthermore,  the  ferroelectric  material  can  be  embedded  in 
phased  array  antenna  designs  such  as  that  based  on  the  Continuous  Transverse  Stub  (CTS) 
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technology  [1-4],  leading  to  an  integrated  antenna  array  design  with  beam  steering  capability.  [5- 

8] 

The  most  popular  ferroelectric  material  for  room  temperature  operation  is  BaxSri.xTiC>3 
(BSTO)  where  varying  x  can  vary  the  maximum  of  the  dielectric  constant.  However,  BSTO  films 
had  suffered  from  a  high  loss  tangent.  Many  researches  have  been  conducted  to  improve  the  high 
loss  characteristics  of  BSTO  and  recent  advances  in  the  development  of  this  material  have 
resulted  in  decreasing  the  loss  tangent  (0.001)  by  using  dopants  [9],  and  increasing  the  tunability 
by  annealing  process  [10].  It  was,  however,  generally  felt  that  designs  based  on  this  technology, 
although  low  cost,  still  exhibited  unacceptably  high  insertion  losses  and  impractical  low  input 
impedance  values.  Specifically,  input  impedance  values  for  microstrip  and  parallel  plate 
waveguide  type  structures  were  too  small  for  utilization  in  practical  designs.  Furthermore,  Ohmic 
losses  are  unacceptably  high  in  addition  to  the  input  impedance  issues.  Therefore,  in  order  to 
address  such  high  insertion  losses  and  the  unacceptably  low  input  impedance  values,  HCAC 
proposed  a  new  phase-shifter  design  procedure  that  was  based  on  the  use  of ‘"multi-dielectric” 
layers  substrate  including  a  middle  layer  of  highly  tunable  ferroelectric  material  [6-8]  and 
numerically  verified  that  this  approach  significantly  reduced  the  insertion  losses,  while 
maintaining  a  large  percentage  (85%)  of  the  tunability.[8]  This  multilayer-dielectric  loading 
technique  involves  a  novel  biasing  procedure  for  the  ferroelectric  layer  beneath  the  low  dielectric 
layer.  The  recently  developed  coplanar  waveguide  (CPW)  version  of  the  CTS  technology  [3,4] 
can  be  integrated  with  this  multilayer  ferroelectric  tunable  RF  component  to  achieve  high 
performance  and  low  cost  phased  antenna  arrays.  It  is  believed  that  the  application  of  the  multi¬ 
dielectric  layers  in  this  new  CPW-CTS  antenna  design  is  ready  to  provide  the  much  anticipated 
breakthrough  in  developing  low  cost  antenna  arrays  with  beam  steering  capabilities.  Unlike  any 
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other  approach,  the  multilayer  ferroelectric  CPW-CTS  antenna  is  based  on  “integrating  the  phase 
shifters  with  the  antenna  element,”  rather  than  as  part  of  the  electronics  package,  and  as  a  result 
is  expected  to  achieve  a  high  system  performance  in  addition  to  satisfying  the  much  desired  goal 
of  reducing  the  cost.  However,  these  encouraging  preliminary  studies  were  mainly  conducted  by 
using  numerical  simulation  and  still  require  experimental  verification.  Therefore,  in  this  report, 
we  focused  on  fabricating  the  tunable  ferroelectric  phase  shifter  and  verifying  the  simulation 
results  with  the  fabricated  device.  To  achieve  low  loss  and  high  tunable  characteristics  of  BSTO, 
the  RF  vacuum  sputtering  technique  has  been  used  and  we  investigated  effects  of  sputtering 
parameters  such  as  substrate  temperature,  sputtering  pressure,  and  gas  mixture  ration  on 
properties  of  BSTO.  Optimal  sputtering  conditions  for  BSTO  deposition  were  determined  based 
on  epitaxial  qualities  characterized  by  the  X-ray  diffraction  and  RBS-channeling  spectrometry, 
which  will  be  discussed  in  later  part  of  the  report.  Using  the  optimized  sputtering  parameters, 
various  sets  of  BSTO  films  have  been  deposited  on  different  substrates  and  various  size  of  CPW 
phase  shifters  have  been  fabricated  on  the  BSTO  layer  using  lift-off  process.  RF  performances  of 
the  fabricated  ferroelectric  CPW  phase  shifters  were  characterized  by  using  on-wafer  probe 
station  connected  to  a  vector  network  analyzer.  In  this  report,  the  fabrication  procedures  of 
ferroelectric  phase  shifters  will  be  described  and  the  experimental  measurement  data  will  also  be 
compared  with  simulated  results  for  verification. 

2.  Analytical  modeling  and  analysis  of  multi-dielectric  layers  Ferroelectric  coplanar  phase 

shifters 

Many  fundamental  features  regarding  the  operation  of  the  coplanar  waveguide  CTS  antenna 
are  still  unknown,  and  are  necessary  to  understand  before  the  performance  of  such  a  unique 
system  could  be  optimized.  This  is  particularly  complicated  by  the  fact  that  we  intend  to 
integrate  the  antenna  structure  with  a  layer  of  ferroelectric  material  which  has  significant 
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tunability  property,  very  high  permittivity,  and  tendency  to  change  characteristics  depending  on 
thickness,  type  of  interface,  relative  composition,  and  temperature.  In  a  typical  design 
parameters  such  as  attenuation,  impedance  mismatch,  higher  order  modes,  and  phase  sensitivity 
versus  thickness  of  and  type  of  interface  with  the  ferroelectric  layer,  need  to  carefully 
investigated.  To  this  end,  we  have  developed  a  spectral -domain  approach  which  is  an  analytical 
method  that  together  with  numerical  simulations  will  help  in  quantifying  and  providing  answer 
to  these  questions. 

As  an  example  of  this  analytical  procedure,  Figure  1  illustrates  the  geometry  of  the  thin-film 
ferroelectric  coplanar  phase  shifter  [11].  The  structure  uses  Barium  Strontium  Titanate  (BaxSrj. 
xTi03)  with  a  compositional  ratio  of  x  =  0.6  over  a  Lanthanum  Aluminate  (LaA103)  substrate. 
The  total  device  width  is  174pm,  the  ferroelectric  layer  thickness  is  0.5pm,  and  the  LaAIC>3 
substrate  layer  thickness  was  508pm.  The  relative  dielectric  constant  for  the  LaAlC>3  substrate  is 
£r  =  23.5  with  tan8  =  3e-4.  The  tan8  for  the  Bao6Sro4Ti03  material  is  0.01.  The  center  strip 
width  is  32.76pm,  the  gap  width  is  16.4pm,  and  the  conductor  thickness  is  1.5pm  and  is  made  of 
pure  silver  with  resistivity  p  =  1.629  x  10‘6  Q  cm. 

For  the  coplanar  device,  which  is  modeled  as  two  coupled  slots,  with  the  fields  in  the  slot 
locations  expanded  in  a  complete  set  of  basis  functions,  the  dyadic  Green’s  function  in 
admittance  form  is  given  by  [6,1 1]: 

G’xx  ~  G' xx  1 

-G'a  (j'xx  J  (l) 

where: 

det  G'  =  G'xx  G'.:-G'x:  G'^  (2) 


G'ad  = 


1 


det  G' 
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The  Green’s  function  in  (1)  is  used  in  a  system  of  homogenous  equations  to  compute  the 
propagation  constant  in  the  coplanar  device  as  a  function  of  frequency  [6]. 


Figure  1.  Cross  section  of  ferroelectric  coplanar  waveguide  phase  shifter  employing  thin~film 
ferroelectric  technology  over  Lanthanum  Aluminate  substrate. 


For  modeling  attenuation,  it  is  important  to  note  that  in  the  spectral  domain  approach 
described  in  [11],  it  was  necessary  to  modify  the  self  consistent  admittance  Green’s  function 
terms  in  (1 )  to  account  for  extrinsic  parameters  such  as  the  finite  thickness  of  the  conductors  and 
to  account  for  the  substantial  amount  of  field  lines  that  couple  between  and  penetrate  laterally 
into  the  coplanar  arrangement.  This  modification  was  implemented  to  the  diagonal  elements  of 
(1)  and  is  given  by: 


G '  =  G  „  - 


— —  {o  + 

awcff  [  4  S 


w„  +  2w. 


0  +  j  Vr 


tanh 


(l  +  j'Vc 


(3) 


where 


c(/)  = 


k 


(4) 
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where  wcx  is  the  center  conductor  strip  width,  wsiot  is  the  gap  width  of  the  coplanar  waveguide 
device  and  weJgr  is  the  newly  quantified  term,  defined  as  the  summation  of  the  current  crowding 
depths  of  the  center  and  ground  conductors  [6].  A  similar  expression  may  also  be  used  to  modify 
the  second  diagonal  term,  G 

The  relation  between  current  and  charge  density  distributions  may  be  given  by: 

js(x)  =  qns(x)v  =  psv  (5) 

where  ns(x)  is  the  surface  charge  concentration  and  q  the  electronic  charge.  Based  on  a  study 
on  the  applicability  of  using  a  quasi-TEM  approximation  [13]  we  can  assume  no  transverse 
currents  in  the  CPW  device,  hence  the  charge  velocity  v  is  assumed  to  have  only  a  longitudinal 
component  and  therefore  the  charge  and  current  distributions  are  identical. 

To  quantify  weff  in  the  two  layer  substrate  illustrated  in  Figure  1,  we  have  employed  the 
method  of  finite  differences  numerical  method  for  multilayered  structures  as  described  in  [6].  In 
this  study,  the  effect  of  current  crowding  is  quantified  by  introducing  a  current  crowding  depth 
(Scc),  defined  as  the  depth  from  the  conductor  edges  at  which  63%  of  the  current  is  concentrated. 
The  current  crowding  effect  may  be  explained  by  the  extremely  high  field  confinement  in  the 
ferroelectric  material  as  a  result  of  the  increase  in  permittivity.  With  increased  film  permittivity, 
the  electric  field  is  forced  towards  the  edges  of  the  electrodes,  thus  increasing  the  current 
crowding  near  the  edges. 

With  the  above  definition,  the  current  crowding  may  be  defined  as  [14]: 

5 

J  j 

s-SLC 

where  js(x)  is  the  surface  current  density,  s  is  the  width  of  the  conductor,  and  e=2.718. 


s(x)dx  = 


1--1  ]/,(*)<& 


(7) 
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Based  on  the  current  crowding  expression  in  (7),  the  effective  width,  wetf>  in  the  modifying 
Green’s  function  term  (3)  may  be  expressed  by: 

weff=Ss+Sg  (8) 

where  wcs  is  the  width  of  the  center  strip,  Ss  is  the  current  crowding  depth  of  the  center  strip,  w ^ 
is  the  width  of  the  ground  plane,  and  Sg  is  the  current  crowding  depth  of  the  ground  plane.  The 
charge/current  distribution  of  the  coplanar  electrodes  is  illustrated  in  Figure  2(a)  for  the  center 
conductor  and  Figure  2(b)  for  the  ground  plane  conductor.  The  charge  distribution  is  evaluated 
by  multiplying  the  normal  component  of  the  electric  field  with  the  equivalent  permittivity 
surrounding  the  electrodes  and  is  given  by: 

£o£rEnorm  =  Ps  (9) 


0  6  10  16  20 
Center  Strip  (pm) 


30  40  50  60  70 

Ground  Plane  (pm) 


(a)  (b) 

Figure  2.  Charge  distributions  on  the  center  strip  conductor  (a)  and  ground  plane  (b)  for  both 
biased  and  unbiased  cases.  Taking  symmetry  into  account  (see  Figure  1),  only  one-half  of  the  center 
strip  (from  x=0  to  x=16.38pm)  is  illustrated. 


11 


The  permittivity  for  the  ferroelectric  unbiased  case  was  set  to  £r(V=0V)  =  440  -  j440  tan5fc, 
and  the  permittivity  for  the  biased  case  was  set  to  £r(V=40V)  =  187.4  -  j  187.4  tan5fe  as  was 
reported  in  [6]  to  satisfy  both  a  and  p  simultaneously. 

In  an  earlier  publication  we  validated  the  accuracy  of  the  developed  spectral-domanin  method 
by  comparing  with  published  experimental  results  [6].  Figure  3(a)  shows  example  of  these 
comparisons  between  the  measured  attenuation  constant  and  the  theoretical  results  from  the 
above  calculations,  while  Figure  3(b)  shows  the  measured  phase  shift  [11]  compared  with  theory. 


(a) 


(b) 


Figure  3.  Attenuation  constant  a  (a)  and  phase  shift  (b)  comparing  experimental  data  to  theory. 


As  pointed  out  in  [12],  the  experimental  data  between  about  5  to  1 1  GHz  was  questionable  and 
therefore  should  be  ignored.  Disregarding  this  region,  the  attenuation  and  propagation  constants 
show  excellent  agreement  between  the  experimental  data  and  the  presented  theoretical  results. 

In  the  results  shown  in  Figure  3  we  analyzed  the  case  where  the  coplanar  conductors  were 
placed  directly  on  the  ferroelectric  material.  This  case  where  no  multi-dielectric  layer  was  used 
was  analyzed  first  to  help  compare  with  experimental  data  published  in  literature  [1 1].  As  it  may 
be  noted,  the  measured  attenuation  constant  illustrated  in  Figure  3  is  too  high  for  implementation 
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in  phased  array  antenna  systems  due  to  the  anticipated  high  scan  loss  and  low  radiation 
efficiencies.  In  an  attempt  to  improve  the  phase  shifter  performance  an  alternate  multi-dielectric 
layers  design  was  proposed  in  [8].  Figure  4  depicts  such  a  design  of  a  multi-dielectric 
ferroelectric  phase  shifter  design  which  is  expected  to  reduce  the  attenuation  constant  and 
improve  the  FOM.  The  FOM  is  defined  as  the  amount  of  phase  shift  per  decibel  loss,  w  here  the 
loss  is  calculated  based  on  the  unbiased  condition.  This  new  design  was  also  analyzed  modeled 
in  this  paper  using  the  method  of  finite  differences  and  newly  developed  spectral  matrix  method. 


IS  4  um  - 

-  32  76  um 
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infi-1 

t  e-3) 
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Ferroelectric  (BSTO) 

1 0  5 

Lanthanum  Aluminate 

LaAl03  ( tr=Z3S ,  tani^3e-4) 
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\ 

174  um  - - - 

m  Conductor 

Figure  4.  Cross  section  of  multi-dielectric  ferroelectric  coplanar  waveguide  phase  shifter 
employing  very  thin,  non-tunable  layer  between  the  ferroelectric  film  and  the  coplanar  electrodes. 

Figures  5  compares  the  attenuation  constant  of  the  direct  metallization  design  illustrated  in 
Figure  1  to  the  multi-dielectric  approach  illustrated  in  Figure  5  for  the  unbiased  and  biased  cases 
respectively.  The  attenuation  constant  decreased  by  ~1.85dB/mm  at  20GHz  for  the  unbiased 
case  and  decreased  by  ~1.07dB/mm  at  20  GHz  for  the  biased  condition.  Figure  6  depicts  the 
FOM  results  and  shows  a  significant  increase  in  FOM  that  is  primarily  due  to  the  large  decrease 
in  attenuation  constant.  The  FOM  increased  by  nearly  a  factor  of  four  at  20GHz  and  illustrates 
that  the  multi-dielectric  design  improves  the  overall  phase  shifter  performance. 
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Figure  6.  Figure  of  Merit  comparing  the  direct  metallization  design  shown  in  Figure  1  to  the  multi¬ 
dielectric  phase  shifter  design  shown  in  Figure  4. 


The  coplanar  ferroelectric  design  employing  multilayer  substrate,  therefore  provided 
significant  advantages  over  those  when  direct  metallization  of  the  electrodes  with  the 
ferroelectric  material  are  used  [8].  The  developed  spectral  domain  approach  was  useful  in 
modeling  these  designs  and  the  obtained  results  demonstrated  nearly  four  fold  increase  in  FOM, 
and  hence  the  proposed  procedure  is  attractive  for  implementation  in  phased  array  antenna 
systems. 
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3.  RF  sputtering  system  and  On-wafer  probe  station 
3.1  RF  puttering  system 

In  this  report,  the  RF  sputtering  technology  is  employed  for  deposition  of  the  BSTO 
ferroelectric  film.  The  RF  sputtering  system,  a  vacuum  chamber,  and  its  schematic  are  shown  in 
Figure  7.  Strong  magnetron  is  usually  located  close  to  the  target  (i.e.  BSTO)  and  used  as 
sputtering  source  which  traps  electrons  close  to  the  surface  of  the  magnetron. 

The  electrons  around  the  magnetic  field  undergoing  more  ionizing  collisions  with  gaseous 
neutrals  near  the  target  surface.  The  sputter  gas  is  inert,  typically  argon.  The  extra  argon  ions 
created  as  a  result  of  these  collisions  leads  to  a  higher  deposition  rate.  The  sputtered  atoms  are 
neutrally  charged  and  so  are  unaffected  by  the  magnetic  trap.  Charge  build-up  on  insulating 
targets  can  be  avoided  with  the  use  of  RF  sputtering  where  the  sign  of  the  anode-cathode  bias  is 
varied  at  a  high  rate.  Stray  magnetic  fields  leaking  from  ferromagnetic  targets  also  disturb  the 
sputtering  process.  Specially  designed  sputter  guns  with  unusually  strong  permanent  magnets 
should  be  used  in  compensation.  RF  sputtering  works  well  to  produce  highly  insulating  films. 
However  it  requires  RF  power  supplies  and  impedance  matching  networks.  Our  RF  sputter 
system  equipped  four  sputter  magnetron  guns  and  a  RF  power  generator  supply  13.56  MHz  RF 
source  (Max.  power  600  W)  together  with  the  RF  matching  networks  into  the  sputter  guns.  The 
sputter  guns  are  oriented  30°  off-axis  and  15  cm  from  the  substrate  holder,  which  can 
accommodate  up  to  2”  diameter.  An  Inconel  heating  block  is  installed  into  the  substrate  holder 
and  the  wafers  can  be  heated  up  to  900  °C.  The  vacuum  chamber  is  equipped  with  a  rotary 
vacuum  pump  and  a  cryopump.  The  rotary  pump  is  in  charge  of  decompression  down  to  0.2  Torr 
as  an  initial  buffer  pressure  state  before  the  cryopump  takes  over  the  decompression  process 
down  to  the  maximum  base  vacuum  pressure  (  -10'1 0  Torr). 


15 


(a)  Sputter  deposition  chamber  and  devices. 


Figure  7.  The  RF  sputter  system.  The  sputter  guns  are  connected  into  RF  source  with  matching 
network  through  a  coaxial  cable  and  Ar  and  Ar/02  gas  tank  with  gas  flow  controllers  through  a 
stainless  pipe.  Heating  block  integrated  with  substrate  (wafer)  holder  is  connected  into  type  K 
thermo-coupler.  Quartz  crystal  sensor  located  close  to  the  substrate  holder  is  connected  into  a 
thickness  monitor. 
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Control  over  gas  composition  and  pressure  is  achieved  using  two  independent  flow  controllers 
and  a  pneumatic  three  position  gate  valve.  These  gas  flow  controllers  are  capable  of  keeping  a 
constant  flow  rate  of  gas  into  the  chamber.  While  there  is  a  constant  flow  rate  of  gas  into  the 
chamber  during  sputtering  process,  maintaining  a  fixed  pressure  inside  the  chamber  plays  an 
important  role  in  targeting  a  desired  microstructure  property  of  the  film.  In  order  to  monitor  the 
chamber  pressure,  two  separate  pressure  sensors  are  equipped  in  inside  the  chamber.  Type  K 
(chromel-alumel)  thermo-coupler  has  been  used  to  monitor  the  substrate  temperature  and  a 
quartz  crystal  thickness  sensor  w  as  used  to  monitor  the  deposition  rate  and  thickness  of  the  film. 

3.2  Lift-off  etching  technique  for  fabricating  small  RF  device 

After  depositing  BSTO  film  on  a  wafer,  lift-off  etching  techniques  were  used  to  fabricate  the 
CPW  phase  shifter  on  the  wafer.  Lift-off  process  is  a  method  of  patterning  structures  (i.e. 
curcuitry)  of  a  target  material  on  the  surface  of  a  substrate  (i.e.  wafer)  using  a  sacrificial  material. 
It  is  an  additive  technique  as  opposed  to  more  traditional  subtracting  technique  like  etching.  The 
scale  of  the  structures  can  vary  from  the  nanoscale  up  to  the  centimeter  scale  or  further.  Thus  the 
lift-off'  process  is  suitable  for  our  ferroelectic  CPW  phase  shifters  discussed  in  this  report  since 
they  require  at  least  1  pm  resolution. 

Figure  8  illustrates  the  procecure  of  the  lift-off  etching  technique.  Procedure  of  the  lift-off 
etching  starts  from  creating  an  inverse  pattern  in  the  sacrificial  (stensiled)  layer  (i.e.  photoresist 
layer)  deposited  on  the  surface  of  the  substrate.  The  sacrificial  layer  covers  certain  area  on  the 
substrate  and  exposes  the  rest.  The  layer  to  be  'patterned'  is  then  deposited  over  the  stenciled 
wafer.  In  the  exposed  areas  of  the  stencil,  conducing  (Cr  and  Cu)  material  gets  deposited  directly 
on  the  substrate,  while  in  the  covered  areas,  the  material  gets  deposited  on  top  of  the  stencil  film. 
After  the  conducting  layer  has  been  deposited,  the  wafer  is  immersed  in  a  liquid  that  can  dissolve 
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the  stencil  layer.  Once  the  stencil  is  dissolved  by  the  liquid,  the  layer  material  over  it  gets  ‘lifted 
of F,  leaving  behind  the  conducting  layer  that  were  deposited  over  the  wafer  substrate  itself, 
which  forms  the  final  pattern  on  the  wafer. 

For  sacrificial  layer,  the  photoresist  (SI 81 3)  has  been  selected  and  acetone  was  chosen  as  a 
dissolver.  In  order  to  deposit  conducting  layer,  another  RF  sputtering  process  with  25  nm  chrome 
(Cr)  adhesion  layer  followed  by  a  1  pm  thick  cupper  layer  have  been  performed. 


Photo-resist  film  Photo-resist  film  Condurtin^ayer 


Ferroelectric 

Ferroelectric 

3 

Ferroelectric 

Substrate 

Substrate 

Substrate 

(a)  Deposition  of  (b)  Patterning  the  sacrificial  (c)  Depostion  of 

the  sacrificial  stencil  layer  TT  conduing  layer 


Figure  8.  Procecure  of  the  lift-off  etching  technique. 


3.3  On-wafer  probe  station  for  measurement  of  phase  shifter 

RF  performance  and  characterization  of  the  ferroelectric  CPW  phase  shifters  were  measured 
from  40  MHz  to  20  GHz  using  on-wafer  probe  station  (Cascade  Microtech,  Inc)  connected  to  a 
vector  network  analyzer  (Anritsu  3821).  Figure  9  shows  the  on-wafer  probe  station  and 
measurement  setup  with  DC  bias  devices.  Two  bias  tees  were  inserted  between  RF  probes  and 
VNA.  DC  power  supply  was  connected  into  both  bias  tees  to  supply  DC  voltage,  then  this  was 
applied  between  center  conductor  and  ground.  Full  2  port  S-parameter  measurements  are 
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conducted  directely  on  the  wafer,  vacuum-mounted  on  a  Wafer  Chuck.  This  on-wafer 
measurement  device  requires  sophisticated  calibration  process  to  obtain  accurate  results. 
Impedance  Standard  Substrate  (1SS)  and  an  operating  software  (Wincal  XE  software),  which  is 
developed  by  Cascade  Micorthech  Inc,  are  used  for  the  calibration  of  the  probe  and  S-parameter 
measurements. 


Figure  9.  On-wafer  probe  station  connected  with  a  vector  network  analyzer  and  DC  power  supply. 


4.  Optimization  of  the  sputtering  parameters  for  BSTO  deposition 

During  deposition  of  BSTO  target  on  a  substrate,  sputtering  parameters  including  the  substrate 
temperature,  oxygen  gas  flow,  and  chamber  pressure  play  an  important  role  to  control  the  quality 
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of  BSTO  thin  films.  Thus,  our  first  research  goal  was  to  find  the  optimal  sputtering  parameters 
for  obtaining  high  quality  of  BSTO  films.  BSTO  films  were  grown  on  LaA103  substrates  at 
different  substrate  temperatures  and  with  different  gas  mixture  ratios.  X-ray  diffraction  (XRD) 
and  Rutherford  Backscattering  Spectroscopy  (RBS)  tests  were  performed  on  these  BSTO  films 
to  evaluate  the  quality  of  the  BSTO  films.  XRD  and  RBS  analy  sis  was  conducted  by  Arizona 
State  University. 

4.1  The  first  BSTO  film  sample 

The  first  BSTO  film  was  manufactured  to  calibrate  the  thickness  sensor  and  to  evaluate  overall 
performance  of  the  sputter  system.  LaA!03  wafer  with  2  inch  diameter  was  mounted  on  the 
heating  block  by  using  a  clamp.  BSTO  film  was  grown  with  the  sputtering  parameters 
summarized  in  Table  1 . 


Table  1.  Sputtering  parameters  for  the  first  BSTO  film  sample. 


Temp  (°C) 

700  (Heater) 

Target 

BSTO  on  LaA103  wafer 

Gas  mixture 

Pure  Ar  -  (5.0  ccm)  and 
Ar/02  mixture  (4: 1 )  gas 
(5.0  ccm) 

Pressure  (mTorr) 

50 

Rotation 

(speed) 

Fixed  (0  %) 

Thickness 
monitor  reading 

5  KA 

Pre-sputter 

30  min.(S}  50W  RF 

RF  power 

250W 

To  characterize  the  BSTO  film  on  LaAI03  substrate  the  RBS  analysis  was  conducted  and  the 
results  are  shown  in  Figure  10.  As  one  can  see  in  Figure  10(a),  the  film  is  stoichiometric 
(BaosSro.sTiiOs)  and  its  thickness  is  1900  /cm2  which  is  equivalent  to  2350  A  on  the  assumption 
that  density  of  BSTO  film  is  5.62  g/cc).  From  this  result,  it  is  found  that  actual  thickness  of  the 
BSTO  film  is  half  of  the  thickness  monitor  reading.  In  Figure  10(b),  BSTO  film  does  not  show 
any  channeling,  which  indicates  absence  of  epitaxy  in  the  film.  To  get  epitaxy  which  is  desirable 
for  better  properties,  growth  conditions  (mainly  growth  temperature  and  pressure)  should  to  be 
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changed  systematically.  It  is  known  that  w  indow  of  growth  temperature  for  the  BSTO  deposition 
is  in  the  range  of  700  -  850  °C. 


Energy  (MeV) 

1.0  1.5  2.0  2.5  3.0 


Thickness:  1900  /cm2  (-2350  A,  assuming  density  of  BSTO  as  5.62  g/cc) 

Energy  (McV) 


100  200  300  400  500  600 


Channel 

(b)  No  channeling  observed  in  the  film. 

Figure  10.  Rutherford  Backscattering  Spectroscopy  (RBS)  analysis  of  BSTO  film  on  LaAIOj. 


Heater  temperature  of  the  first  sample  was  700  °C,  which  is  on  the  lower  end  of  this  range. 
The  actual  substrate  temperature  might  be  lower  than  700  °C  due  to  imperfect  thermal  contact 
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between  the  substrate  and  the  heater,  since  the  substrate  was  fixed  on  the  heater  only  by  clamp. 
Therefore,  we  conclude  to  utilize  a  thermal  transfer  agent  such  as  silver  (Ag)  paste  between  the 
substrate  and  the  heater  to  ensure  the  substrate  temperature  is  same  as  the  temperature  reading. 
We  also  decided  to  increase  oxygen  ratio  to  improve  the  epitaxial  quality. 


4.2  The  second  BSTO  film  samples 

Based  on  lesson  from  the  first  analysis,  the  second  set  of  BSTO  film  samples  were 
manufactured.  To  ensure  thermal  contact,  the  silver  paste  was  applied  between  the  LaAlOa 
substrate  and  the  heater.  To  improve  the  epitaxial  quality  of  the  BSTO,  oxygen  gas  rate  was 
increased.  To  investigate  effects  of  the  substrate  temperature  on  the  epitaxial  quality  ,  3  individual 
BSTO  films  were  deposited  on  LaAlOa  at  700,  750,  and  800  °C,  respectively.  Table  2  presents 
the  sputtering  parameters  for  the  second  set  of  BSTO  film  examples. 


Table  2  Sputtering  parameters  for  the  second  set  of  BSTO  film  samples. 


Temp  0C) 

700,  750,  800 

Target 

BSTO  on  LaA103  wafer 

Gas  mixture 

Ar/02  mixture  (4:1)  gas 
(10.0  ccm) 

Pressure 

(mTorr) 

50 

Rotation 

(speed) 

Fixed  (0  %) 

Thickness 

monitor 

reading 

5  KA 

Pre-sputter 

30  min.@  50W  RF 

RF  power 

250W : 

Figure  1 1  shows  the  RBS  analysis  for  comparison  of  composition  of  films  grown  at  700,  750 
and  800°C.  As  one  can  see,  film  composition  is  stable  till  750°C  and  then  falls  apart,  particularly 
for  Ba  and  Sr,  at  800°C.  Film  thickness  at  700°C  and  750°C  is  2900  A  and  drops  to  2500  A  at 
800°C.  Since  same  growth  times  were  applied  for  all  the  films,  the  growth  rate  appears  to  drop  at 
800°C.  Based  on  these  results,  700  -  750°C  appears  to  be  the  right  window  for  growth 
temperature  of  BSTO. 
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Energy  (MeV) 


(a)  Thickness:  2350  /cm2  (2900  A) :  Ba^gSn^TuCh  on  LaAI03 


Energy  (MeV) 


100  200  300  400  500  600 

Channel 

(b)  Comparison  of  composition  of  films  grown  at  700,  750  and  800°C. 

Figure  11*  RBS  analysis  of  the  second  set  of  BSTO  films  on  LaA103  for  thickness  and  composition. 


Figure  12  presents  the  RBS  analysis  results  for  comparison  of  epitaxy  in  films  grown  at  700, 
750  and  800  °C.  As  can  be  seen  in  the  figure,  epitaxy  of  all  the  films  is  similar  (Figure  12(a)), 
with  a  chi  min  value  of  around  15  %  (Figure  12(b)).  This  shows  a  significant  improvement  in 
structural  quality  from  the  first  film  where  no  channeling  was  observed.  Chi  min  for  perfect 
epitaxy  should  be  around  3%.  Thus  there  is  a  scope  for  further  improvement  in  structural  quality 
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of  the  film.  Since  chi  min  did  not  change  as  a  function  of  temperature  in  700-800  °C  range, 
further  improvement  can  be  achieved  by  increasing  growth  pressure.  Based  on  these  results  and 
analysis,  we  concluded  to  determine  750  °C  as  an  optimal  growth  temperature  for  our  RF  sputter 
system.  Ar/02  mixture  gas  with  ratio  4:1  and  deposition  pressure  of  100  mTorr  were  chosen  to 
achieve  proper  epitaxial  films.  Optimal  sputtering  parameters  for  BSTO  film  are  summarized  in 
Table  3. 


Energy  (McV ) 


(a)  Comparison  of  epitaxy  in  films  grown  at  700,  750  and  800°C. 

Bnetfcy  (MeV) 

1.0  li  2,0  2J  JjO 


Figure  12.  RBS  analysis  of  the  second  set  of  BSTO  films  on  LaAIOj  for  epitaxy  in  films. 
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Table  3.  Optimal  sputtering  parameters  for  the  BSTQ  film  deposition. 


Temperature 

750  °C 

Gas  mixture 

Ar/02  (4:1)  mixture  gas  (10.0  ccm) 

Pressure 

100  mTorr 

RF  power 

250  W 

5.  Design,  Fabrication,  and  measurement  of  the  Coplanar  waveguide  (CPW)  phase  shifter. 

In  our  previous  research,  behaviors  of  the  CPW  phase  shifter  which  is  fabricated  on  thin 
BSTO  film  were  predicted  by  numerical  simulation  [8].  Furthermore,  design  curves  for  the 
ferroelectric  CPW  phase  shifter,  which  provided  guide  lines  for  the  trade  offs  involved  in 
designing  phase  shifters  on  thin  ferroelectric  films,  have  been  developed  based  on  numerical 
simulation.  Figure  13  plots  the  design  curve  of  ferroelectric  coplanar  weave  guide  (CPW)  phase 
shifter.  This  design  curve,  which  was  also  constructed  based  on  simulation  results,  shows 
variation  of  input  impedance  and  insertion  loss  as  a  function  of  gap  w  idth  and  strip  width.  These 
simulated  efforts  have  not  been  verified  by  experimental  measurements.  In  this  chapter,  we 
fabricated  several  sets  of  ferroelectric  CPW  phase  shifters  to  verify  the  simulation  methods. 


Figure  13.  Design  optimization  curve  for  the  CPW  phase  shifter  as  a  function  of  strip  width  and 
gap  width  at  10  GHz. 
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5.1  Effects  of  the  gap  width  and  strip  width 

To  investigate  effects  of  the  gap  width  and  strip  width  on  characteristics  of  the  ferroelectric 
CPW  phase  shifter,  8  phase  shifters  were  fabricated  on  BSTO  film  which  was  grown  at  LaA103 
wafer  with  optimized  sputter  parameters  discussed  in  previous  chapter.  Thickness  of  the  BSTO 
film  was  0.45  pm.  After  BSTO  deposition,  the  film  was  metalized  using  the  RF  sputter  system 
with  25  nm  chrome  (Cr)  adhesion  layer  followed  by  a  1  pm  thick  cupper  layer.  The  conductivity 
of  Cr  is  o  =  7.714  MS/m  and  of  Cu  is  a  =  59.6  MS/m.  Then  standard  lift-off  chemical  etching 
techniques  were  used  to  fabricate  the  Cu/  BSTO/  substrate  phase  shifter.  Figure  14  shows 
geometry  of  the  ferroelectric  CPW  phase  shifter.  The  conductor  layer  consists  of  the  multi¬ 
metallization  system  of  Cr/Cu  (250  A,  10  KA).  Total  lengths  of  the  phase  shifters  was  3  mm. 
Each  pahse  shifter  was  designed  to  have  different  strip  width  (s)  and  gap  width  (g).  Sizes  of  the 
gap  and  strip  width  of  each  phase  shifter  were  tabulated  in  Table  4. 

Cu  ( 1 

Cr  (25  nm)  * 


Figure  14.  Layout  and  cross-section  of  the  ferroelectric  CPW  phase  shifter. 


Table  4.  Strip  widths  and  Gap  widths  of  8  phase  shifters 


No. 

Strip  width  (pni) 

Gap  width  (pm) 

No. 

Strip  width  (pm) 

Gap  width  (pm) 

1 

30 

40 

5 

50 

40 

2 

30 

80 

6 

50 

80 

3 

30 

140 

7 

50 
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The  Performance  of  these  ferroelectric  phase  shifters  at  microwave  frequencies  was  evaluated 
by  measuring  the  transmission  (S21)  and  reflection  (SI  1)  scattering  parameters  between  40  Mhz 
and  20  GHz  using  using  on-wafer  probe  station  (Cascade  Microtech,  Inc)  connected  to  a  vector 
network  analyzer  (Anritsu  3821). 

Figure  15  shows  the  S-parameter  measurement  results  for  the  CPW  phase  shifters.  As  one  can 
see  in  Figure  15(a),  insertion  loss  (attenuation)  of  the  phase  shifters  decrease  as  the  gap  w  idths 
increase  and  the  strip  widths  increase.  It  should  be  noted  that  the  attenuation  values  in  this  plot 
were  calculated  based  on  corrected  S21  (dB).  S2iCorr  calculated  from  measured  S21  as 
follows: Stlm  =  /(I - SL) .  -^(coo,  =  20 log^S,,^ )[dB],  Attenuation  =  S2ico^  /  L  [dB/mm], 

where  L  =  3  mm.  S2iCon  values  are  calculated  to  exclude  mismatch  losses,  same  as  in  simulations. 
Figure  15(b)  presents  phase  shift  of  the  CPW  phase  shifters.  As  one  can  see,  phase  shift  also 
slightly  were  decreased  as  the  gap  and  strip  width  increase.  Input  impedance  of  the  phase  shifters 
is  proportional  to  the  gap  width  while  inversely  proportional  to  the  strip  width  as  shown  in 
Figure  15(c).  Theses  experimental  results  are  in  good  agreement  with  those  predicted  by 
numerical  simulation. 


Attenuation  Constant  for  Strip  width  =  30  pm  Attenuation  Constant  for  Strip  width  =  50 
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Figure  15.  RF  characteristics  of  CPW  phase  shifter  as  a  function  of  the  gap  width  and  strip  width. 


5.2  Effects  of  thickness  of  BSTO  film  on  RF  characteristics  of  the  CPW  phase  shifter 

To  exam  effects  of  thickness  of  BSTO  film  on  characteristics  of  the  ferroelectric  CPW  phase 
shifter,  three  different  thicknesses  (0.5  pm,  0.75  pm  and  1.75  pm)  of  BSTO  films  were  deposited 
at  separate  LaA103  substrates,  respectively.  After  BSTO  deposition,  the  films  were  metalized 
using  the  RF  sputter  system  with  25  nm  chrome  (Cr)  adhesion  layer  followed  by  a  1  pm  thick 
cupper  layer.  Standard  lift-off  chemical  etching  techniques  were  also  utilized  to  fabricate  the  Cu/ 
BSTO/  substrate  phase  shifter.  Total  lengths  of  the  phase  shifters  were  3  mm.  From  each  wafer,  a 
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phase  shifter  with  strip  width  of  40  pm  and  gap  width  of  20  pm  was  chosen  to  compare  its  RF 
characteristics.  Figure  16  presents  measured  S-parameter  of  the  CPW  phase  shifter  fabricated  on 
three  different  thicknesses  of  BSTO  films.  As  one  can  see  in  the  S21  plot,  increase  in  thickness  of 
the  BSTO  layer  results  in  significant  attenuation  increase,  while  the  phase  shift  slightly  increases. 
Thus  simply  increasing  BSTO  film  thickness  will  not  help  to  improve  performance  of  the  phase 
shifter.  A  smith  chart  in  Figure  8  shows  that  thickness  of  the  BSTO  layer  is  also  proportional  to 
input  impedance  of  the  phase  shifter  due  to  high  dielectric  constant  of  the  BSTO.  Such  trends 
which  were  observed  from  experimental  measurement  also  agree  with  those  from  simulation. 
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Figure  16.  Measured  S-parameter  of  the  CPW  phase  shifter  (gap  witdth  =  20  pm,  strip  width  =  40 
pm)  fabricated  on  three  different  thicknesses  of  BSTO  films. 
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5.3  Effects  of  different  type  of  substrates 

To  investigate  effects  of  different  type  of  substrate,  we  proceeded  to  fabricate  and  test 
ferroelectric  phase  shifters  on  different  types  of  substrates.  For  this  study,  we  prepared  three 
different  types  of  substrates  including  MgO,  LaA103,  and  SrTi03(ST0).  BSTO  layer  with  0.45 
pm  thickness  was  deposited  on  each  substrate  by  using  the  optimized  sputter  parameters.  The 
same  size  of  CPW  phase  shifter,  which  have  30  pm  of  strip  width  and  80  pm  of  gap  width,  were 
fabricated  on  the  BSTO  layer  of  each  substrate.  Figure  17  shows  the  obtained  experimental 
results  for  three  types  of  substrates  including  MgO,  LaA103,  and  SrTi03.  As  it  may  be  seen  from 
Figure  17,  the  ferroelectric  layer  grown  on  STO  substrate  provides  much  larger  phase  change 
with  DC  bias  voltage.  This,  however,  came  at  the  expense  of  much  larger  attenuation  values 
compared  with  the  MgO  and  the  LaA103  cases.  This  may  be  due  to  the  fact  that  the  ferroelectric 
layer  in  our  measurements  was  too  thin  to  fully  utilize  the  tuning  capability  of  BSTO,  and  having 
a  substrate  of  complementary  properties  helped  with  overcoming  the  materials  mismatch  at  the 
layers  interface  and  hence  achieved  the  significant  increase  in  the  amount  phase  shift  with 
change  in  DC  bias.  It  worth  noting  that  dielectric  constants  for  MgO,  LaA103,  and  SrTi03  are  9.8, 
25,  and  475  at  10  GHz  in  room  temperature,  respectively.  Input  impedances  of  the  phase  shifters 
were  inversely  proportional  to  dielectric  constant  of  the  three  types  of  substrates  (Mgo,  LaA103, 
and  STO).  The  significant  reduction  in  the  input  impedance  for  the  STO  substrate  case,  which 
could  be  caused  by  high  dielectric  constant  of  the  STO  substrate,  would  cause  an  increase  in 
current  for  a  given  applied  DC  bias  voltage,  and  may  hence  have  contributed  to  the  overall 
increase  in  the  attenuation  values. 

It  is,  however,  of  interest  to  compare  these  measured  results  with  simulation  data  using  the 
WIPL-D  software.  Figure  1 8,  shows  the  comparison  between  simulated  and  measured  date  for 
the  case  of  STO  substrate,  while  Figure  19  shows  data  for  the  other  two  cases.  It  is  very 
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encouraging  to  see  such  good  agreement  between  measured  and  calculated  values  and  besides 
providing  confidence  in  the  device  fabrication  and  experimental  characterization  processes,  the 
results  also  validate  the  accuracy  of  the  modeling  and  simulation  tools  and  their  invaluable  input 
into  the  design  and  optimization  process. 
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Figure  17.  RF  performance  of  phase  shifters  with  different  base  substrates. 
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Figure  18.  Simulated  and  Measured  attenuation  of  SrTi03  based  phase  shifter  for  biased  and 
unbiased  cases. 


Figure  19.  Comparison  between  simulation  and  measurement  attenuation  and  phase  for  MgO  and 
LaAIOj 


6.  Conclusion  and  summary 

In  this  report,  we  mainly  focused  on  fabrication  and  experiments  of  the  tunable  ferroelectric 
phase  shifter.  Numerical  simulation  methods  utilized  in  the  preliminary  studies  were  also  verified 
with  experimental  results.  During  BSTO  deposition  process,  sputtering  parameters  including  the 
substrate  temperature,  oxygen  gas  flow,  and  chamber  pressure  determine  the  quality  of  BSTO 
thin  films.  Studies  for  optimizing  the  sputtering  parameters  were  conducted  to  obtain  high 
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quality  of  BSTO  films.  Optimal  sputtering  conditions  for  BSTO  deposition  were  determined 
based  on  epitaxial  qualities  characterized  by  the  RBS-channeling  spectrometry.  The  optimized 
parameters  were  suggested  in  this  report.  Using  the  optimized  sputtering  parameters,  various  sets 
of  BSTO  films  have  been  deposited  w  ith  different  thicknesses  on  different  substrates  and  various 
size  of  CPW  phase  shifters  have  been  fabricated  on  these  substrates.  The  RF  performances  of  the 
developed  phase  shifters  were  characterized  from  40  MHz  to  20  GHz  by  the  on-wafer  probe 
station  and  measurement  results  were  compared  with  those  from  simulations  using  W1PL-D 
software.  Good  agreement  was  observed  between  simulations  and  measured  results  and  this 
provides  high  confidence  in  the  developed  fabrication  process.  The  comparison  results  also 
validate  the  accuracy  of  the  modeling  and  simulation  tools  and  their  invaluable  input  into  the 
design  and  optimization  process.  Based  on  these  results,  it  is  essential  to  further  purse  the  studies 
of  the  innovative  phased  antenna  array  technology,  fully  develop  fundamental  understanding  of 
its  basic  characteristics  and  establish  a  reliable  process  for  prototyping  various  options  of  its 
designs.  Multilayer  approach,  and  a  variety  of  designs  of  the  phase  shifter  (straight,  meander  line, 
etc)  are  a  good  candidate  to  improve  performance  of  the  ferroelectric  RF  devices  and  need  to  be 
studied  as  a  future  work.  For  these  studies,  the  fabrication  effort  will  be  significant  and  many 
challenges  are  expected  to  be  faced  along  the  way.  The  obtained  results,  however,  will  be  unique 
and  very  important  in  leading  the  way  towards  the  development  of  high  performance  low  cost 
phased  array  antennas  with  beam  steering  capabilities. 
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Abstract — A  new  coaxial  continuous  transverse  stub  (CTS) 
array  Is  proposed,  designed,  constructed,  and  tested.  It  is  an 
omni-directional  low  cost  antenna  array  which  provides  good 
impedance  matching  characteristics  and  good  tolerance  to  manu¬ 
facturing  errors.  It  can  be  simply  fed  by  a  coaxial  connector  and  Is 
particularly  suitable  for  millimeter  wave  personal  communication 
systems  (PCS).  It  is  shown  that  this  type  of  radiating  element  pro¬ 
vides  high  percentage  of  radiation,  and  for  the  simulated  design 
of  single-  and  multiple-element  arrays,  Su  was  below  —10  dB 
across  a  6  GHz  frequency  span  at  the  Ka  band.  A  three-element 
prototype  Coaxial  CTS  antenna  array  was  designed,  constructed, 
and  tested  in  the  X-band.  Experimental  results  were  in  good 
agreement  with  the  simulated  performance.  Potential  application 
of  this  new  antenna  array  in  multiband  operation  is  also  described. 

1.  Introduction 

THE  planar  CTS  was  originally  invented  at  Hughes  Aircraft 
Company  in  1991 .  It  represents  a  unique  class  of  low-cost 
antenna  array,  exploiting  the  low-loss,  low-dispersion,  dimen¬ 
sional  robustness,  and  design  flexibility  of  an  open  parallel-plate 
structure  as  both  its  transmission  line  and  radiator  bases  [  1  ]— [3]. 

The  coaxial  Continuous  Transverse  Stub  array  described  in 
this  paper,  however,  provides  an  alternative  design  that  may  pro¬ 
vide  additional  advantages  in  feeding,  impedance  matching,  and 
radiation  characteristics  [4],  It  consists  of  a  coaxial  structure 
as  its  transmission  line  feed  and  parallel  plate  subs  as  the  ra¬ 
diating  elements.  The  difference  between  the  coaxial  CTS  and 
the  planar  version  is  their  array  structure  in  the  form  of  an¬ 
nular  or  sectoral  stubs  and  the  resulting  omnidirectional  radia¬ 
tion  pattern.  As  in  the  case  of  planar  CTS,  beam  steering  may  be 
achieved  mechanically  or  by  using  Ferroelectric  materials  [4], 
[5]. 

11.  Coaxial  CTS  Design 

Fig.  1  shows  a  two-element  coaxial  stub  CTS  antenna  array, 
where  it  may  be  seen  that  it  consists  of  a  cascaded  section  of 
standard  coaxial  transmission  lines  and  open-ended  coaxial  ra¬ 
diating  stubs.  Similar  to  the  planar  CTS  case,  short-circuited 
stubs  may  also  be  used  and  the  coaxial  CTS  arrangement  may 
be  used  as  a  filter  in  this  case. 

Design  procedures  for  a  coaxial  CTS  array  include  the  deter¬ 
mination  of  the  following  parameters:  ( 1 )  width  of  stub  segment 
LI;  (2)  length  of  transmission  line  segment  L2;  (3)  dielectric 
constant  of  filler  dielectric  material:  eT\  (4)  diameter  of  inner 
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Fig.  1 .  Coaxial  CTS  array  segment  with  two  elements. 

conductor  D 1;  (5)  diameter  of  outer  conductor  D2\  and  (6)  di¬ 
ameter  of  stub  L>3. 

For  the  purpose  of  an  illustrative  design,  the  width  of  stub 
segment  LI  was  selected  to  be  a  half  wavelength  in  dielectric 
material  that  fills  the  stub.  The  length  of  the  transmission  line 
segment  L2  and  dielectric  constant  of  dielectric  material  er  can 
be  chosen  to  fulfill  distance  and  phase  demands  between  stubs. 
The  diameters  of  the  inner  and  outer  conductors  D 1  and  D2  of 
the  coaxial  transmission  line  can  be  adjusted  to  form  the  desired 
value  of  impedance,  such  as  50  f2  or  75  ft  in  the  case  of  a  coaxial 
transmission  line.  The  ratio  between  D3  and  D2  determines  the 
radiation  pattern,  voltage  across,  and  the  radiated  power  from 
each  stub.  Small  values  of  D3/D2  tend  to  lead  to  increased 
radiation,  but  more  care  must  be  taken  to  achieve  impedance 
matching.  Also,  D3  must  be  chosen  so  as  to  limit  the  level  of 
mutual  coupling  between  the  stub  elements  in  the  Coaxial  CTS 
array.  Control  of  mutual  coupling  between  elements  in  the  array 
can  be  generally  achieved  by  meeting  the  condition  D3  >  LI. 

Clearly,  the  diameters  of  the  inner  and  outer  conductors  D 1 
and  D2  do  not  need  to  be  uniform  along  the  transmission  line. 
Instead,  they  can  be  changed  periodically  to  adjust  the  matching 
and  phase  relationship  between  elements.  Actually,  the  coaxial 
CTS  is  an  excellent  self-matching  structure.  By  properly  con¬ 
trolling  the  ratio  of  D3  and  D2  and  the  ratio  of  D3  and  LI, 
it  is  possible  to  achieve  low  reflection  stub  elements.  As  one 
might  expect,  the  design  parameters  D2,L>3,  LI,  and  L2  im¬ 
pact  various  aspects  of  the  characteristics  of  the  array  including 
impedance  matching  (Su),  percentage  of  power  radiated  out, 
and  radiation  pattern.  Detailed  design  curves  will  be  developed 
and  reported  in  a  separate  publication. 

111.  Simulation  Results 

Three  different  (three  dimensional)  3-D  electromagnetic 
simulation  software  packages  (IE3D®,  HFSS,  and  in-house 
hDTD  codes)  were  used  to  simulate  Coaxial  CTS  antenna 
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90 


one  stub 


array  structures.  Fig.  2  shows  the  reflection  Sn  and  coupling 
$21  of  a  one-element  Coaxial  CTS  antenna.  The  coaxial 
fill  material  is  air,  er  =  1,D1  =  1  mm,  D2  —  2.3  mm, 
D 3  =  10  mm,  LI  =  5  mm.  The  impedance  of  the  air 
filled  coaxial  transmission  line  segment  (D2/D1  =  2.3) 
is  50  Cl.  As  may  be  seen  from  Fig.  2,  the  bandwidth  of 
$u  <  — 10  dB  is  more  than  6  GHz.  In  this  bandwidth,  the 
radiation  power  ratio  [(Total  Power  —  Reflected  Power  — 
Transferred  Power)/(Total  Power)  *  100%]  from  the  single 
stub  is  more  than  30%,  which  supports  the  claim  of  a  highly 
radiating  structure.  In  the  above  equation,  the  total  power 
was  considered  to  include  radiated  power  and  the  “transferred 
power”  term  represents  the  amount  of  power  coupled  to  the 
load  (end  of  the  array).  The  numerator  in  the  equation  therefore 
quantifies  the  amount  of  radiated  power  from  one  specific  stub. 

Similar  to  the  case  of  the  planar  CTS  array,  the  coaxial  CTS 
array  is  a  traveling-wave-type  array;  so  the  farther  the  stub  is 
from  the  array  input  port  the  less  power  it  will  receive.  This 
aspect  of  the  array  design  may  be  adjusted  depending  on  the 
location  of  each  stub  and  the  dimension  of  the  stubs’  lengths  and 
widths  dimensions.  If  the  array  was  designed  such  that  each  stub 
radiates  a  larger  amount  of  power,  then  the  array  will  effectively 
include  a  reduced  number  of  stubs  and  the  array  will  be  used  as  a 
low  gain  antenna.  On  the  other  hand,  if  each  stub  was  designed 
to  radiate  less  power,  more  stubs  can  be  used  and  a  high  gain 
antenna  array  may  be  designed. 

The  radiation  pattern  was  calculated  at  the  frequency  of  min¬ 
imum  Sn  (34  GHz)  and  was  found  to  be  split  at  broadside.  Al¬ 
though  this  may  be  explained  in  terms  of  the  excessively  wide 
electrical  width  of  the  stub  at  this  frequency  (Ll/A  =  0.57),  it 
is  often  desirable  to  achieve  a  radiation  pattern  with  single  main 
lobe.  This  was  found  to  be  possible  to  achieve  at  the  slightly 
lower  frequency  of  30  GHz,  which  is  still  within  the  same  oper¬ 
ating  frequency  band  of  the  array  (Sn  <  —9  dB). 

The  radiation  pattern  at  30  GHz  is  shown  in  Fig.  3.  The  dotted 
line  in  Fig.  3  shows  the  radiation  pattern  of  a  one  coaxial  CTS 
stub  segment  with  the  same  dimension  and  design  parameters  as 
described  above.  The  solid  line  in  Fig.  3  shows  the  radiation  pat¬ 
tern  at  30  GHz  of  a  Coaxial  CTS  array  formed  by  eight-stub  ele¬ 
ments.  Here,  L2  =  3  mm  and  it  fulfills  the  demand  of  co-phase 
between  stubs.  Each  stub  radiates  33%  power;  hence,  neglecting 
the  mutual  coupling  effects,  eight  elements  will  be  needed  to 
radiate  more  than  95%  of  the  incident  power  at  a  rate  of  33% 
radiation  from  each  stub. 


Fig.  3.  Radiation  patterns  of  single  stub  (dashed  line)  and  a  Coaxial  CTS  array 
(solid  line) 
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Fig.  4.  Multiband  CTS  antenna  array. 


Fig.  5.  $n  and  S21  of  transmission  stub.  At  4  GHz,  Su  <  —19  dB,  $21  = 
-0.24  dB,  D\  =  1  mm,  D 2  =  2.3  mm,  D3  =  20  mm,  LI  =  5  mm 

It  is  also  of  interest  to  examine  the  potential  operation  of 
such  an  array  structure  at  multiband  frequency  ranges.  A  de¬ 
sign  that  includes  efficient  radiators  at  higher  frequencies  near 
the  antenna  feed,  and  relatively  lower  frequency  radiating  stubs 
at  the  end,  is  shown  in  Fig.  4.  To  help  examine  the  feasibility 
of  this  procedure  two  coaxial  stubs  were  designed.  The  first  is  a 
high  frequency  radiating  stub  and  is  expected  to  exhibit  a  virtual 
short  at  the  stub-coaxial  line  junction  at  the  lower  operating  fre¬ 
quency.  This  means  that  the  high  frequency  stubs  will  provide 
good  transmission  along  the  main  coaxial  line  at  the  lower  oper¬ 
ating  frequency.  The  design  and  the  calculated  5-parameters  for 
this  design  is  shown  in  Fig.  5.  As  it  may  be  seen,  almost  perfect 
transmission  and  low  reflection  (Sn  =  — 19  dB)  were  possible 
to  achieve  at  4  GHz.  Fig.  5  also  shows  that  this  high  frequency 
stub  would  radiate  29%  of  the  power  at  30  GHz.  Alternatively, 
the  stub  dimension  may  be  designed  so  as  to  enhance  radiation 
at  a  lower  frequency  band.  Such  a  design  was  simulated  and  the 
5-parameters  results  are  shown  in  Fig.  6.  Each  stub  can  radia¬ 
tion  17%  power  at  4  GHz.  Clearly  combining  these  designs  in  a 
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Fig.  6.  5 ii  and  S2 1  of  radiation  stub.  At  4  GHz,  Sn  <  —11  dB,  521.  = 
—  1.24  dB.  D  1  =  1  mm,  D 2  =  2.3  mm,  DZ  —  90  mm,  II  =  40  mm 


Fig.  7.  Photograph  of  the  prototype  X-band  three-element  Coaxial  CTS  array. 


single  array  will  achieve  the  proposed  multiband  operation  at  4 
GHz  and  30  GHz.  This  design  may  be  varied  and  other  possible 
frequency  bands  may  be  achieved. 

IV.  Experimental  Verification 

It  is  critically  important  to  verily  the  simulation  results  of 
the  Coaxial  CTS  design  with  experimental  measurements.  For 
this  reason,  a  three-element  X-band  Coaxial  CTS  antenna  array 
was  designed,  fabricated,  and  tested  at  the  University  of  Utah. 
A  picture  of  the  three-element  array  is  shown  in  Fig.  7.  The 
simulation  was  performed  using  an  FDTD  code  and  the  design 
specifications  are  given  as  follows:  LI  =  18  mm,  L2  =  17 
mm,  D1  =  3  mm,  D2  =  6.9  mm,  D3  =  40  mm,  and  er  =  1. 
Nylon  rings  that  were  between  the  inner  and  outer  conductors 
of  the  coaxial  feed  line  for  support  were  included  in  the  FDTD 
model.  This  initial  design  was  not  synthesized  for  a  particular 
radiation  pattern  with  the  simulation  data,  but  instead  for  instead 
for  5-parameter  measurements  and  comparison. 

5-parameter  measurements  of  the  three-element  X-band 
coaxial  CTS  antenna  array  were  taken  using  an  HP-851  OB 
Network  Analyzer.  The  obtained  experimental  results  (solid 
line)  are  shown  in  Fig.  8,  together  with  the  simulated  data  (solid 
line  with  4-s).  As  may  be  seen  from  Fig.  8,  excellent  agreement 
may  be  observed,  particularly  in  the  operating  frequency  band 
of  the  array  in  the  range  from  9.2-10.3  GHz.  One  may  also 
observe  a  sharp  dip  in  the  measured  S21  curve  at  about  10.2 
GHz.  This  was  attributed  to  the  presence  of  a  discontinuity  in 
the  junction  at  one  of  the  end  connectors.  Much  improvement 
was  realized  when  the  connectors  were  soldered  to  the  antenna, 
but  some  discontinuity  effects  may  be  still  be  seen  in  Fig.  8. 
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Fig.  8.  Measured  and  calculated  5-parameters  of  the  prototype  X-band 
three-element  array. 


V.  Conclusion 

A  New  Coaxial  CTS  antenna  array  destgn  was  proposed. 
Unlike  the  planar  CTS  arrays,  it  provides  significant  impedance 
matching  advantage  and  an  omni-directional  radiation  pattern. 
Furthermore,  by  adjusting  the  dimensions  of  the  center  and 
outer  conductors  along  the  coaxial  transmission  line,  significant 
impedance  matching  advantage  may  be  achieved.  The  proposed 
low-cost  coaxial  CTS  antenna  array  provides  an  excellent 
potential  design  for  base  stations  for  wireless  communication 
systems  at  millimeter  waves  (LMDS).  The  potential  use  of  this 
antenna  array  in  multiband  operation  was  also  discussed. 

Verification  of  the  simulated  results  was  obtained  through 
simulating,  building,  and  testing  a  three-element  X-band 
Coaxial  CTS  antenna  array.  Good  agreement  was  obtained  be¬ 
tween  measured  and  simulated  results  from  8-12  GHz.  Future 
work  will  include  building  and  testing  of  a  multiband  design, 
the  design  of  dielectrically  loaded  Coaxial  CTS  structures,  and 
the  use  of  ferroelectric  materials  to  realize  one-dimensional 
beamsteenng  [5]. 
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Eig.  3.  Resonant  frequency  of  1MCP  antenna  with  and  without  cavity 
enclosure  and  corresponding  cavity  factors  g  and  r/ar  versus  h\.  r  = 
G.35  mm,  /12  =  1.524  ruin,  er  =  2.3,  a  =  4.0  niru 

for  comparison.  The  increase  in  h\  causes  decrease  in  both  r/a€  and 
g  values  revealing  the  increasing  cavity-effect  on  the  1MCP.  The  reso¬ 
nant  frequency  also  decreases  with  the  increase  in  h\  for  both  cavity 
enclosed  and  open  type  IMCPs  However,  the  effect  of  the  cavity  enclo¬ 
sure  in  diminishing  the  resonant  frequency  is  significant  over  a  consid¬ 
erable  range  of  h\  values,  particularly  at  the  lower  values  of  h\ .  Only 
a  single  measured  value  is  available  ( 1  ]  to  compare  with  the  theoretical 
curve  in  Fig.  3  and  this  value  shown  by  a  solid  circle  corresponds  to 
g  <  0.5.  Excellent  agreement  between  the  experiment  and  the  present 
theory  is  also  revealed. 

The  present  studies  show  that  a  cavity  enclosure  influences  the  res¬ 
onance  of  an  IMCP  under  limited  conditions  resulting  in  lower  reso¬ 
nant  frequency.  However,  its  effect  on  the  radiation  characteristics  of 
an  IMCP  is  not  significant  to  that  extent  as  reported  in  [1].  Uniform 
radiation  patterns  with  acceptable  cross  polarization  level  and  6.65  dBi 
gain  were  reported  [1]  from  the  measurements  of  a  typical  cavity  en¬ 
closed  probe  fed  IMCP  antenna. 

IV.  CONCLUSION 

The  inverted  microstnp  patches  in  open  or  cavity  enclosed  config¬ 
uration  are  attractive  for  integrating  with  active  devices  below  it  The 
change  in  resonance  condition  under  the  influence  of  a  cylindrical 
cavity  enclosing  an  IMCP  has  been  thoroughly  investigated  both 
theoretically  and  experimentally.  If  different  patches  are  examined  in 
a  same  cylindrical  enclosure,  all  are  not  affected  by  the  cavity  and 
a  factor  determining  that  dependence  has  been  examined  with  the 
help  of  the  new  and  previous  data.  A  simple  analytical  formulation 
is  proposed  to  predict  the  resonant  frequency  of  cavity  enclosed 
patches  so  far  those  are  under  the  influence  of  the  cavity  The  theory 
is  compared  with  different  measurements  resulting  in  very  close 
approximation  between  them.  The  studies  in  this  paper  thus  should 
guide  a  designer  in  choosing  proper  cavity  and  IMCP  dimensions  for 
a  specified  frequency  within  approximately  0.5%  accuracy. 
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Design  and  Development  of  Multiband  Coaxial  Continuous 
Transverse  Stub  (CTS)  Antenna  Arrays 

Robert  Isom,  Magdy  F.  Iskander,  Zhengqing  Yun,  and  Zhijun  Zhang 


Abstract — Continuous  transverse  stub  (CTS)  technology  has  been 
adapted  to  use  with  coaxial  lines  to  produce  effective  microwave  an¬ 
tenna  structures  that  radiate  omnidirectionally,  with  high  efficiency,  low 
reflection,  and  useful  radiation  patterns.  In  this  paper,  we  describe  the 
design,  construction,  and  testing  of  a  new  type  of  antenna  arrays,  that  is,  a 
six-element  multiband  (4.2  and  19.4  GHz)  CTS  antenna  array.  The  design 
of  the  CTS  array  was  optimized  through  simulation  using  finite-difference 
time-domain  and  then  built  and  tested  using  both  S-paramcters  and 
radiation  pattern  measurements.  Simulation  results  agreed  very  well  with 
measured  data.  These  simple  and  low  cost  coaxial  CTS  structures  could 
be  adapted  for  base  station  applications  in  wireless  communication,  for 
satellite  communication  systems,  and  Identification  Friend-or-Foe  systems 
for  the  military. 

Index  Terms — Antenna  array,  coaxial  continuous  transverse  stub  (CTS), 
continuous  transverse  stub  (CTS),  multiband  array. 


I.  Introduction 

Continuous  transverse  stub  (CTS)  technology  developed  in  the  early 
1990s  at  Hughes  Aircraft  Company  [I]  has  attracted  research  attentions 
recently  [21,  [3|.  This  technology  offers  advantages  over  traditional  ap¬ 
proaches  to  antenna  design  at  microwave  frequencies.  Benefits  of  CTS 
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Fig.  1 .  Schematic  of  a  six-element  multiband  coaxial  CTS  antenna  array  First 
set  of  stubs  from  input  are  high-frequency  stubs.  Second  set  of  stubs  from  input 
are  low- frequency  stuhs. 

structures  include  compact  size,  lightweight,  low  loss,  and  high  direc¬ 
tivity.  Parallel-plate  CTS  arrays  have  achieved  average  gains  of  39.7  dB 
over  a  handwidth  of  37^f0  GHz  [2].  This  high  gain  is  achieved  along 
with  relative  dimensional  insensitivity,  thus  reducing  fabrication  costs. 

CTS  technology  also  offers  greater  tunable  bandwidth  than  wave¬ 
guide  or  patch  antennas,  higher  efficiencies,  and  polarization  isolation 
of  25-50  dB.  It  is  desired  to  apply  the  advantages  of  the  presently  avail¬ 
able  planar  CTS  technology  to  a  new  design  that  incorporates  coaxial 
geometries.  Such  a  process  has  been  successfully  implemented  and 
some  of  the  obtained  results  for  a  new  coaxial  CTS  antenna  were  re¬ 
ported  elsewhere  [4],  [5]. 

Coaxial  CTS  structures  offer  several  additional  advantages  over 
planar  CTS.  They  provide  an  omni-directional  radiation  pattern  in  the 
plane  of  the  radiating  stubs  (perpendicular  to  the  transmission  line) 
as  there  is  no  azimuthal  dependence  in  the  designed  cylindrical  stubs. 
Secondly,  coaxial  structures  are  inherently  easier  to  impedance  match, 
thus  providing  higher  efficiency  and  facilitate  system  integration  with 
other  coaxial  structures 

In  this  paper,  a  two-band  coaxial  CTS  is  designed  by  simulating  dif¬ 
ferent  structures  using  the  two-dimensional  finite-difference  time-do¬ 
main  (2-D-FDTD)  code.  A  prototype  antenna  is  then  constructed  and 
tested.  The  measured  S-parameters  and  radiation  patterns  agree  well 
with  the  simulated  results. 

11.  Coaxial  CTS  Design  Procedure 

Design  procedures  for  a  coaxial  CTS  array  include  choosing  the  fol¬ 
lowing  parameters  for  both  of  the  high-  and  low-frequency  sections  (see 
Fig.  1 ):  1 )  width  of  stub  segment-  L 1 ;  2)  length  of  transmission  line  be¬ 
tween  stubs:  L2;  3)  dielectric  constant  of  fill  material:  eT\ 4)  diameter  of 
inner  conductor  Dl;  5)  diameter  of  outer  conductor;  D2;  and  6)  diam¬ 
eter  of  radial  stub:  D3.  To  help  characterize  the  antenna  performance 
as  we  vary  some  or  all  of  these  design  parameters,  a  2-D  axially  sym¬ 
metric  cylindrical  FDTD  code  was  used  to  simulate  the  performance 
and  characterize  the  many  tradeoffs  involved  in  the  design  of  these  an¬ 
tennas.  For  the  arrays  we  designed  in  this  paper,  we  first  designed  two 
separated  three-element  arrays  one  at  the  lower  frequency  (4.2  GHz) 
while  the  other  was  designed  at  19.4  GHz.  The  two  sections  were  then 
joined  and  the  entire  six-element  array  was  optimized  to  achieve  the 
desired  S-parameters  and  radiation  pattern  characteristics.  The  design 
of  each  of  the  two  sections  follows  a  procedure  similar  to  that  described 
in  an  earlier  paper  [5],  and  the  discussion  in  this  paper  will  focus  on  the 
design  of  the  six-element  multiband  array. 

111.  Design  of  a  Multiband  Coaxial  CTS  Antenna  Array 

The  multiband  array  is  a  six-element  coaxial  CTS  array  with  three 
elements  designed  to  operate  at  4.2  GHz  and  the  other  three  elements  at 
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Fig  2  Photograph  of  fabricated  multiband  six-element  coaxial  CTS  antenna 
array  designed  to  operate  at  4  2  and  19.4  GHz:  angled  view. 

19.4  GHz.  This  array  was  designed  to  provide  low  reflection,  htgh-ra- 
diation  efficiency,  and  a  broadside  radiation  pattern  at  two  frequencies, 
4.2  GHz  (C-band)  and  19  4  GHz  (tf-band).  In  designing  this  array,  we 
used  dielectric  loading  (Teflon  and  polyethylene)  to  improve  the  per¬ 
formance  and  reduce  the  overall  size  of  the  array. 

As  mentioned  earlier,  two  sets  of  stubs  were  designed  one  that  was 
nonradiating  (full  transmission)  at  lower  frequencies  and  radiates  ef¬ 
fectively  at  higher  frequencies  (high-frequency  stubs),  and  a  second  set 
of  stubs  that  radiate  at  the  lower  frequency  (low-frequency  stubs).  The 
two  sets  need  to  be  arranged  in  tandem  with  the  high-frequency  stubs 
near  the  input.  This  way,  high-frequency  signals  would  radiate  from 
the  high-frequency  stubs  before  reaching  the  low-frequency  stubs  at 
the  end,  and  the  low-frequency  signal,  on  the  other  hand,  would  effi¬ 
ciently  pass  through  the  high-frequency  stubs  connected  to  the  input, 
and  the  input  low-frequency  signal  will  radiate  when  reaching  the  low- 
frequcncy  stubs  at  the  end  of  the  array. 

To  accomplish  this,  it  was  necessary  to  know  the  electrical  dimensions 
that  would  produce  full  transmission  for  the  high-frequency  stubs  at  the 
lower  frequency.  For  this  purpose,  structures  with  narrow  gaps  and  long 
stub  diameters  were  simulated.  It  was  found  that  narrow  gap  (<C  A)  stubs 
with  a  stub  diameter  of  approximately  A/3  (12  mm  at  8  GHz)  or  longer 
will  produce  close  to  full  transmission  at  the  lower  frequencies.  At  higher 
frequencies,  however,  the  same  physical  dimensions  of  the  stubs  were 
found  to  radiate  efficiently,  It  is  therefore  possible  to  design  a  coax  lal  CTS 
structure  thatproduces  efficient  radiation  at  a  high  frequency  and  appears 
almost  transparent  at  lower  frequencies. 

Using  this  approach,  we  simulated  a  coaxial  CTS  array  with  multi¬ 
band  performance.  The  designed  array  was  dielectrically  loaded  with 
Teflon  and  polyethylene  to  help  improve  impedance  matching  and  re¬ 
duce  the  size.  Further  performance  enhancements  for  the  multiband 
array  were  achieved  by  controlling  design  parameters  such  as  the  stub 
gap,  stub  height,  and  stub  spacing  of  both  the  high-and  low-frequcncy 
stubs.  The  entire  multiband  array  was  further  optimized  to  account  for 
the  mutual  coupling  effects. 

Following  a  manual  optimization  using  inhouse  FDTD  codes  [5], 
a  multiband  coaxial  CTS  antenna  array  design  was  achieved  that 
produced  low  reflection  and  good  radiation  characteristics  at  both  the 
upper  and  lower  frequency  bands.  The  dimensions  of  the  high-fre¬ 
quency  stubs  were  LI  =  5.2  mm,  L2  =  3.8  mm,  Dl  =  1.12  mm, 
D2  =  3.6  mm,  and  D3  =  44.4  mm.  The  dimensions  of  the  low-fre¬ 
quency  stubs  were  Ll  =  18.9  mm,  L2  =  29.6  mm,  Dl  =  1.12  mm, 
D2  =  3.6  mm,  and  D3  =  61.2  mm.  The  spacing  between  the  last 
high-frequency  stub  and  the  first  low-frequency  stub  in  the  tandem 
connection  of  the  two  arrays  was  21.6  mm.  The  radial  waveguide 
stubs  were  dielectrically  loaded  with  Teflon  rings.  The  coaxial  line  of 
the  multihand  array  was  filled  with  polyethylene.  The  Teflon  (stuhs) 
and  polyethylene  (coaxial  line)  were  both  simulated  with  er  =  2.2 
and  tan  6  ~  0  (negligible  dielectric  losses).  Fig.  1  shows  a  schematic 
of  the  designed  multiband  six-element  array,  and  Fig.  2  shows  a 
photograph  of  the  fabricated  and  tested  array. 
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Fig.  3,  Comparison  of  simulated  (solid  with  +)  and  measured  (solid)  S-parameter  performance  for  six-element  multiband  coaxial  CTS  antenna  array  Design 
frequencies  are  4  2  GHz  (C-band)  and  19  4  GHz  (tf-band). 


Following  fabrication  of  the  six-element  multiband  coaxial  CTS  an¬ 
tenna  array,  the  physical  dimensions  of  the  structure  were  measured  and 
found  to  he  in  accord  with  the  design  parameters  There  was  a  slight 
air  gap  between  the  machined  Teflon  rings  and  the  polyethylene-filled 
coaxial  transmission  line  at  the  base  of  the  stub.  A  new  FDTD  model 
that  matched  these  measured  physical  dimensions  and  included  the  de¬ 
viations  from  the  initial  design  was  then  simulated.  Simulations  results 
were  then  compared  with  the  measured  S -parameters  and  radiation  pat¬ 
terns  for  the  fabricated  prototype  array. 

Measurements  of  the  coaxial  CTS  array  were  taken  using  the  HP 
85 1  OB  Network  Analyzer.  The  S-parameters  were  characterized  across 
3-20  GHz  band.  These  experimental  results  are  shown  along  with  the 
simulation  S-parameter  results  obtained  using  FDTD  in  Fig  3.  As  may 
be  noted,  there  is  a  good  agreement  of  resonant  frequency  performance 
between  measurement  and  simulations  The  multiband  array  was  found 
to  possess  Si  i  =  ~33  dB  and  98%  radiated  power  (S21  <  -20<lB)in 
the  lower  band  at  4.2  GHz.  The  multiband  array  was  found  to  possess 
S 1 1  over  -60  dB  and  98%  radiated  power  in  the  upper  band  at  19.4 
GHz.  The  10-dB  bandwidth  (where  S n  <  —  10dB,VSWR  <  2)  was 
found  to  be  6%  (~  250  MHz)  in  lower  band  and  12%  (~  2.2  GHz)  in 
the  upper  band. 

The  radiation  pattern  of  the  six-element  multiband  eoaxial  CTS  an¬ 
tenna  array  was  also  measured  at  4.2  GHz  (see  Fig.  4).  The  measured 
radiation  pattern  produced  broadside  patterns,  useful  for  many  appli¬ 
cations.  There  was  a  slight  rotation  in  the  radiation  pattern  away  from 
the  source  ifi  =  180°).  This  deviation  from  the  simulated  results  was 
small  and  did  not  change  the  broadside  nature  of  the  pattern  or  produce 
significant  changes  in  the  side  lobe  levels.  The  radiation  pattern  at  19.4 
GHz  was  also  measured  in  anechoic  chamber  (sec  Fig.  5)  and  found 
to  be  in  agreement  with  simulation  results.  Increased  side  lobe  levels 
in  the  19.4  GHz  pattern  are  seen  toward  endfire  (at  180°)  due  to  the 
effeet  of  the  feed  eable  and  connectors.  This  effect  was  not  significant 
enough  to  change  the  main  broadside  nature  of  the  pattern  or  the  max¬ 
imum  side  lobe  level  as  shown  in  Fig.  5. 

Good  agreement  between  simulated  and  measured  results  was  seen 
for  both  S-parameter  and  radiation  performance.  For  both  simulated 
and  measured  results,  the  multiband  eoaxial  CTS  antenna  array  was 
seen  to  produce  low  reflection  (Su  <  -20  <1B)  and  good  radiation 


Fig.  4.  Comparison  of  measured  (+s)  and  simulated  (solid)  radiation  pattern 
at  4.2  GHz  for  the  six-clement  multiband  coaxial  CTS  antenna  array  Feed  is 
from  0°.  Displayed  on  a  dB-scale  normalized  to  0  dB. 

characteristics  (98%  power  radiated)  at  both  4.2  and  1 9.4  GHz  This 
validates  the  multiband  design  and  illustrates  the  usefulness  of  the  two- 
dimensional  FDTD  axially  symmetric  code  as  a  design  tool  for  eoaxial 
CTS  structures. 

IV  Tolerance  Analysis 

Planar  CTS  technology  allows  for  relatively  large  tolerances  in  fab¬ 
rication  without  significant  alteration  in  the  antenna  performance.  This 
dimensional  insensitivity  is  critical  to  achieving  low  cost  fabrication 
It  was  important  to  determine  if  coaxial  CTS  structures  possessed  the 
same  relative  dimensional  insensitivity. 

Small  changes  were  made  in  the  simulation  models,  representing  de¬ 
viations  from  the  design  dimensions,  and  FDTD  simulations  were  run 
with  these  changes  included  both  as  increases  and  decreases  from  the 
design  dimensions.  These  changes  were  performed  on  all  physical  di¬ 
mensions  at  the  same  time.  S-parameter  results  were  compared  to  orig¬ 
inal  design  results.  It  was  found  that  even  by  allowing  for  a  large  tol¬ 
erance  as  5-10  mils,  eoaxial  CTS  structures  maintained  their  antenna 
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Fig  5.  Comparison  of  measured  (+s)  and  simulated  (solid)  radiation  pattern 
at  19.4  GHz  for  the  six-element  multiband  coaxial  CTS  antenna  array  Feed  is 
from  180°.  Displayed  on  a  dB-scale  normalized  to  0  dB. 


Sl1(dB) 


S 1 1  (dB) 


Frequency  (GHz) 

Fig.  6.  Plot  showing  change  in  Sn  for  small  changes  in  the  physical 
dimensions  of  the  six-element  multiband  coaxial  CTS  array  The  solid  line 
represents  the  original  simulation.  The  +s  represent  a  decrease  in  size  from 
the  original  dimensions  The  Xs  represent  an  increase  in  size  from  the  original 
dimensions. 


performance  and  impedance  matching  characteristics  at  the  design  fre¬ 
quencies. 

Specifically,  FDTD  simulation  tests  were  run  on  three  cases  for  the 
six-element  multiband  array.  These  cases  consisted  of  simulation  at  the 
design  specifications,  simulation  at  dimensions  one  cell  size  (.129  mm 
or  5  mils)  larger  than  the  design  specifications,  and  simulation  at  di¬ 
mensions  one  cell  size  smaller  than  the  design  specifications.  The  re¬ 
sults  of  the  simulations  for  Si  i  are  shown  in  Fig.  6.  These  results  show 
that  despite  some  small  variation  in  the  S-paramctcr  performance  of 
the  array,  its  overall  antenna  performance  was  maintained  in  the  re¬ 
gions  around  the  design  frequencies. 

We  also  simulated  the  effect  of  small  variations  in  the  dielectric  con¬ 
stant  of  the  Teflon-filled  multiband  antenna  array  on  the  antenna  perfor¬ 
mance.  A  simulation  was  performed  using  the  expected  value  of  Teflon 
(£r  =  2.1),  while  two  others  were  made  using  somewhat  smaller  and 
larger  values  for  Teflon  ( er  =  2.0  and  2.2,  respectively).  The  vari¬ 
ations  represent  a  change  in  the  dielectric  constant  of  approximately 
5%.  The  results  of  these  simulations  are  shown  in  Fig.  7.  As  it  may  be 


Fig  7  Plot  showing  change  in  S 1 1  for  small  changes  in  the  dielectric  constant 
of  the  six-element  coaxial  CTS  array  The  solid  line  represents  eT  =  2.1  The 
+s  represent  er  =  2.0  The  Xs  represent  er  =  2.2 


seen,  coaxial  CTS  array  is  also  robust  and  relatively  insensitive  to  small 
changes  in  the  dielectric  constant  of  filling  material 

V.  Conclusion 

Coaxial  CTS  technology  provides  low  cost,  high-efficiency  antenna 
arrays  and  with  excellent  radiation  and  S-parameter  characteristics. 
The  radial  stubs  of  coaxial  CTS  arrays  provide  an  omni-directional  pat¬ 
tern  in  the  plane  perpendicular  to  the  coaxial  line.  Coaxial  CTS  struc¬ 
tures  also  possess  the  added  advantages  of  case  of  impedance  matching, 
ease  of  feed,  and  maintains  the  insensibility  to  dimensional  and  dielec¬ 
tric  constant  tolerances. 

In  this  paper,  the  design,  construction  and  testing  of  a  multiband  an¬ 
tenna  array  was  described.  S-parameter  performance  from  3-20  GHz 
was  measured  using  the  HP8510B  Network  Analyzer.  Good  agreement 
was  achieved  between  simulated  S-parameter  results  obtained  using 
FDTD  and  measured  results,  particularly  at  the  desired  multiband  fre¬ 
quencies  of  4. 2  and  19  4  GHz.  The  measured  and  simulated  results  con¬ 
firmed  that  it  was  possible  to  obtain  low  reflection,  high-radiation  effi¬ 
ciency,  and  good  radiation  pattern  at  frequencies  in  two  different  bands 
(C-band  and  A^-band). 

Radiation  pattern  measurements  were  also  taken  at  4.2  and  1 9.4  GHz 
and  the  broadside  radiation  pattern  characteristic  was  verified.  Several 
simulations  were  also  performed  to  confirm  the  dimensional  tolerance, 
and  hence  emphasize  the  low  cost  fabrication  advantage  of  the  coaxial 
CTS  antenna  design. 

The  excellent  radiation  performance  shown  by  the  coaxial  CTS  an¬ 
tenna  arrays  would  enable  many  high-frequency  communication  ap¬ 
plications  for  both  military  and  commercial  use.  In  particular,  such 
high-efficiency  antenna  arrays  would  be  useful  for  close  range  wire¬ 
less  connectivity  (e.g.,  Bluetooth).  Additionally,  this  technology  has 
potential  military  application  (e.g.,  Identification  Friend-or-Foe  (IFF) 
systems).  They  are  compact  in  size  and  lightweight.  Potentially,  beam¬ 
steering  capability  can  be  accomplished  in  the  same  manner  as  planar 
CTS  designs,  either  mechanically  or  using  Ferroelectric  materials. 
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Near-Field,  Spherical-Scanning  Antenna  Measurements 
With  Nonideal  Probe  Locations 

Ronald  C.  Wittmann,  Bradley  K.  Alpert,  and  Michael  H,  Francis 


Fig  1  Spherical  scanning  geometry 


Abstract — We  introduce  a  near-field,  spherical-scanning  algorithm  for 
antenna  measurements  that  relaxes  the  usual  condition  requiring  data 
points  to  be  on  a  regular  spherical  grid.  Computational  complexity  Is  of 
the  same  order  as  for  the  standard  (Ideal-positioning)  spherical-scanning 
technique.  The  new  procedure  has  been  tested  extensively. 

Index  Terms — Near-field  measurements,  probe -position  correction, 
spherical  scanning. 


1.  Introduction 

As  frequency  increases  and  wavelength  decreases,  it  becomes 
difficult  to  maintain  mechanical  tolerances  in  near-field  scanning 
antenna  measurements.  Therefore,  the  paradigm  shifts  from  taking 
measurements  at  predefined  locations  to  accurately  determining  the 
positions  where  measurements  are  actually  made.  Standard  algo¬ 
rithms  for  transformation  from  near-ficld  to  far-field  require  that 
data  points  lie  on  a  regular  grid.  Our  goal  is  to  relax  this  condition 
without  increasing  computational  complexity  or  sacrificing  accuracy. 
Previously,  we  have  dealt  with  planar  near-field  scanning  ( 1 1  Here, 
we  turn  our  attention  to  spherical  near-field  scanning  (2]  .  Although 
the  details  are  different,  the  basic  approach  is  the  same:  The  technique 
relies  on  efficient  linear  transformation  between  spherical-mode 
coefficients  and  probe  response  at  actual  measurement  locations  The 
conjugate-gradient  method  is  applied  to  determine  the  coefficients 
that  produce  a  weighted-least-squares  match  to  the  measured  probe 
response.  In  the  following,  we  sketch  the  theory  and  demonstrate  the 
algorithm  through  numerical  simulation 

II.  Theory 

The  electric  field  of  an  antenna,  operating  at  frequency  /  =  u}/2n, 
may  be  expressed  as  an  expansion  of  spherical  waves 

N  n 

E(r)  =  ^  [6»m*n«m(r)  +  6*mn„ro(r)]  (1) 

n  =s  1  m  =  —  n 

where  the  vector  modal  (Hansen)  functions  mnm  and  n„m  are  de¬ 
scribed  in  (3,  Ch.  7],  for  example,  and  the  coefficients  6f\m  and 
completely  characterize  the  radiated  electromagnetic  fields  of  the  test 
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antenna.  The  time-dependent  factor  cxp(—iu;f)  has  been  suppressed. 
Equation  (1 )  is  valid  in  free  space  outside  the  minimum  sphere;  that  is, 
outside  the  smallest  sphere  centered  on  the  coordinate  origin  that  en¬ 
closes  the  radiating  structure.  The  summation  over  n  must  be  truncated 
for  practical  reasons.  Normally,  it  suffices  to  choose  N  ~  ka,  where  a 
is  the  radius  of  the  minimum  sphere  and  k  =  2n/X  =  u j/c. 

In  spherical  scanning,  the  probe  is  effectively  moved  over  the  sur¬ 
face  of  a  sphere  of  radius  r  so  that  it  always  “points”  in  the  radial  di¬ 
rection  — r.  As  shown  in  Fig.  1,  the  probe’s  position  and  onentation  is 
described  by  the  Euler  angles  (ip,  6,  \),  where  0  and  ip  are  the  usual 
spherical-coordinate  angles  that  define  the  location  of  the  probe.  The 
angle  \  measures  rotation  of  the  probe  about  r.  We  assume  that  the 
receiving  pattern  is  broad  enough  that  small  pointing  errors  are  unim¬ 
portant  Although  possible  in  principle,  correcting  for  probe  wobble 
would  be  costly  in  terms  of  measurement  and  processing  time. 

In  order  to  simplify  the  collection  and  processing  of  measurement 
data,  we  follow  common  practice  [4]  and  restrict  our  attention  to  special 
probes  that  have  a  response  w(r,  <p,B,\)  with  a  simple  \  dependence 

ii; (r,  ip,  d,  \)  =  —  iv(r,  <p,  0,  —  7t/2)  sin  x  +  tu(r,  ip,  6, 0)  cos  \. 

(2) 

Such  probes  are  not  difficult  to  construct  [5,  Ch.  1).  They  are  called 
//  =  ±1  probes  for  reasons  that  may  not  be  clear  in  this  context  An 
example  is  a  probe  that  measures  transverse  components  of  the  electric 
field  with,  say,  —  w(r,  ip ,  0, 0)  and  E$  =  w(r,  ip,  0.  —  7r/2).  Any 
practical  probe  will  approach  a  //  =  ±1  probe  as  r  is  increased 

The  Jensen  transmission  formula  (4]  expresses  the  measurement 
vector  w(r)  as  an  expansion  in  spherical  harmonics 

w(r)  =  w(r,ip,6,  —  n/2  )0  +  xv(r,ip,6,0)ip 

=  J2[i?iro(*r)X„m(r)  +  B2m(<;r)Ynm(r)]  (3) 

nm 

where 


($")=m- O’") 


(4) 


In  (4),  Mn  is  a  known  2x2  matrix  depending  on  r  and  the  probe 
receiving  function.  The  vector  spherical  harmonics  X„m  and  Y„„,  = 
if  x  Xnm  arc  defined  by  Jackson  [6|. 

Using  (2),  (3),  and  (4),  we  write 

W  =  Ab  (5) 
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(57)  ABSTRACT 


An  improved  continuous  transverse  stub  (Cl'S)  antenna  has 
coplanar  waveguide  (CPW)  feed  elements  spaced  apart 
aligned  in  parallel  and  mounted  perpendicular  to  a  planar 
substrate  base  made  of  a  low  dielectric  material,  A  continu¬ 
ous  transverse  stub  extends  perpendicularly  through  a  clear¬ 
ance  gap  in  the  CPW  feed  elements  on  the  ground  plane  of 
the  substrate  base.  The  antenna  is  fed  with  a  simple  coplanar 
waveguide  transmission  line  formed  by  the  parallel  CPW 
elements.  The  antenna  employs  the  coplanar  waveguide 
with  CTS  technology,  preferably  in  a  planar  microstrip 
configuration,  to  produce  a  broadside  radiation  pattern  with 
a  maximum  in  the  +z  direction,  perpendicular  to  the  plane  of 
the  antenna.  The  CPW-CTS  antenna  offers  the  advantages  of 
a  broadside  radiation  pattern,  low  input  impedance,  high 
radiation  efficiency,  low  fabrication  cost,  use  of  simple 
coaxial  or  microstrip  transmission  line  feed,  and  simple 
integration  with  microstrip  circuitry  in  a  transceiver  front- 
end,  The  CPW-CTS  antenna  may  be  integrated  in  a  single 
frequency  band  or  in  multiband  arrays  and  could  provide 
radiation  beam  steering  capability  when  integrated  with  a 
substrate  of  tunable  dielectric  material  such  as  BSTO. 
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FIG.  2(a) 


Measured  and  Predicted  Return  Loss 


fig.  2(b) 

Measured  and  Predicted  Insertion  Loss 
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FIG.  3(a)  E-Plane  Radiation  Pattern 
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COPLANAR  WAVEGUIDE  CONTINUOUS 
TRANSVERSE  STUB  (CPW-CTS)  ANTENNA  FOR 
WIRELESS  COMMUNICATIONS 

[0001]  This  U.S.  patent  application  claims  the  priority  of 
U.S.  Provisional  Application  No.  60/558,592  filed  on  Mar. 
31,  2004,  entitled  “Coplanar  Continuous  Transverse  Stub 
(CTS)  Antennas”,  by  the  same  inventors. 

TECHNICAL  FIELD 

[0002]  Phis  invention  generally  relates  to  continuous 
transverse  stub  (CTS)  antennas,  and  more  particularly,  to  an 
improved  design  that  is  mountable  on  a  flat  surface  while 
being  fed  using  a  simple  and  low  cost  coaxial,  microstrip,  or 
coplanar  transmission  line  and  has  multi-band  capabilities 
and  also  low  cost  beam  steering  using  ferroelectric  technol¬ 
ogy- 

BACKGROUND  OF  INVENTION 

[0003]  Hie  planar  continuous  transverse  stub  (Cl'S) 
antenna  and  antenna  array  were  originally  invented  and 
patented  by  Raytheon  in  the  early  1990’s,  for  example,  in 
U.S.  Pat.  No.  5,266,961,  by  W.  W.  Milroy,  issued  29  Aug. 
1991,  entitled  “Continuous  transverse  stub  (Cl'S)  element 
devices  and  methods  of  making  same”.  Benefits  of  the  CTS 
antenna  include  compact  size,  lightweight,  low  cost, 
increased  directive  gain  with  increased  radiating  elements, 
and  high  efficiencies.  The  CTS  antenna  finds  applicatioas  in 
the  areas  of  mobile  wireless  and  satellite  communications 
and  various  military  radar  systems  operating  in  the  500  MHz 
to  90  GHz  frequency  band. 

[0004]  A  new  coaxial  version  of  the  CTS  technology  with 
omni-directional  radiation  pattern  is  described  in  M.  F. 
Iskander,  Z.  Zhang,  Z.  Yun,  and  R.  Isom,  “Coaxial  Continu¬ 
ous  Transverse  Stub  (CTS)  Array,”ZE£E  Microwave  and 
Wireless  Components  Letters,  vol.  11,  no  12,  pp.  489-491, 
2001,  and  in  U.S.  Pat.  No.  6,201,509,  of  inventors  in 
common  herewith.  A  coaxial  version  of  the  CTS  technology 
for  multiband  operation  was  reported  in  R.  Isom,  M.  F 
Iskander,  Z.  Yun,  Z.  Zhang,  “Design  and  Development  of 
Multiband  Coaxial  Continuous  Transverse  Stub  (CTS) 
Antenna  Arrays,’7EEE  Trans.  Antennas  and  Prop.,  vol.  52, 
no.  8,  Aug.  2004.  In  particular,  it  was  demonstrated  that 
multiband  performance  at  the  4.2  and  19.4  GHz  frequency 
band  with  equivalent  radiated  power  (-98%)  and  good 
impedance  match  is  possible  to  achieve  using  this  technol¬ 
ogy. 

[0005]  However,  it  is  deemed  desirable  to  improve  the 
CTS  antenna  to  be  flat-mounted  and  have  a  broadside 
radiation  pattern,  low  fabrication  cost,  simple  coaxial,  copla¬ 
nar,  or  microstrip  transmission  line  feed,  and  simple  inte¬ 
gration  with  microstrip  circuitry  in  a  transceiver  front-end. 
With  the  flat  implementation  of  the  design,  it  is  possible  to 
provide  beam  steering  capabilities  through  the  integration  of 
the  antenna  structure  with  a  tunable  dielectric  substrate 
material  as  will  be  described  in  more  details  herein. 

SUMMARY  OF  INVENTION 

[0006]  In  accordance  with  the  present  invention,  an 
improved  continuous  transverse  stub  (CTS)  antenna  has 
coplanar  waveguide  (CPW)  feed  elements  spaced  apart 
aligned  in  parallel  with  each  other  (x-directed)  and  mounted 


perpendicular  to  a  planar  substrate  base  made  of  a  material 
of  low  dielectric  constant.  The  CPW  feed  elements  have 
associated  with  them  quasi  TEM  modes  which  are  inter¬ 
rupted  by  the  presence  of  a  continuous  transverse  stub  on  the 
ground  plane  of  the  substrate  base.  The  presence  of  the 
purely  reactive  transverse  stub  elements  couples  a  longitu¬ 
dinal,  z-directcd  displacement  current  across  the  parallel 
plate  transmission  line  and  coplanar  waveguide  interface. 
Phis  induced  current  excites  z-directed  EM  waves  where  the 
electric  field  is  linearly  polarized  in  the  transverse  direction 
(y-directed)  to  the  stub  elements.  The  improved  CPW-CTS 
antenna  operates  as  a  traveling-wave-fed  antenna. 

[0007]  The  transverse  stub  is  preferably  formed  by  a 
central  portion  of  width  (CW1)  made  of  a  conductive 
coating  disposed  on  the  ground  plane  surface  with  gap 
portions  of  width  (CW)  on  each  side  thereof,  providing  a 
total  stub  gap  width  (GW).  The  CPW  feed  elements  are 
preferably  a  pair  of  parallel  plates  spaced  apart  by  a  first 
length  (I  I)  and  having  a  width  (Wl)  and  height  (HI)  above 
the  ground  plane.  The  transverse  stub  extends  perpendicu¬ 
larly  through  a  clearance  gap  of  height  (H2)  in  the  transverse 
direction  across  the  ground  plane.  The  clearance  gap  height 
(112)  is  used  to  adjust  the  coupling  capacitance  to  compen¬ 
sate  the  inductance  of  the  purely  reactive  stub  elements.  The 
antenna  is  fed  with  a  simple  coplanar  waveguide  transmis¬ 
sion  line  formed  by  the  parallel  CPW  elements.  I’he  feed 
point  (L2)  is  pOvSitioncd  away  from  the  edge  of  the  stubs  to 
maintain  a  good  impedance  match.  1-2  is  carefully  chosen  to 
obtain  the  desired  radiation  pattern  as  a  result  of  the  axis  EE 
of  the  feed  line  being  oriented  in  line  with  the  E-PIane 
radiation  pattern.  The  substrate  height  (SH)  is  chosen  for 
structural  integrity  and  for  improving  the  directive  gain. 

[0008]  In  a  preferred  embodiment,  the  signal  conductor 
width  (CW),  total  stub  gap  width  (GW),  and  dielectric 
constant  (^)  were  chosen  to  provide  50  ohms  feed  imped¬ 
ance.  The  length  (LI),  width  (Wl),  and  height  (HI)  of  the 
parallel  plates  were  selected  to  be  approximately  a  half 
wavelength,  one  wavelength,  and  one-third  wavelength, 
respectively.  The  values  of  CW  and  CW1  were  carefully 
chosen  and  after  extensive  simulations  to  produce  increased 
radiated  power  and  at  the  same  time  maintain  good  imped¬ 
ance  match.  The  width  (W2)  of  the  opposite  outward  por¬ 
tions  from  the  plates  is  selected  to  reduce  undesired  back 
lobes,  most  notably  in  the  H-Plane  radiation  measurements. 

[0009]  The  CPW-CTS  antenna  of  the  present  invention 
employs  the  coplanar  waveguide  with  CTS  technology, 
preferably  in  a  planar  microstrip  configuration,  to  produce  a 
broadside  radiation  pattern  with  a  maximum  in  the  +z 
direction,  perpendicular  to  the  plane  of  the  antenna.  The 
coplanar  CTS  offers  the  advantages  over  previous  designs  of 
a  broadside  radiation  pattern,  low  input  impedance,  high 
radiated  power,  low  fabrication  cost,  use  of  simple  coaxial  or 
microstrip  transmission  line  feed,  and  simple  integration 
with  microstrip  circuitry  in  a  transceiver  front-end. 

[0010]  Other  objects,  features,  and  advantages  of  the 
present  invention  will  be  explained  in  the  following  detailed 
description  having  reference  to  the  appended  drawings. 

BRIEF  DESCRIPTION  OF  DRAWINGS 

[0011]  FIG.  1(a)  shows  a  schematic  of  a  coplanar 
waveguide  continuous  traasverse  stub  (CPW-CTS)  antenna. 
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and  FIG.  1(6)  shows  a  fabricated  prototype  example  of  the 
CPW-CTS  antenna  in  accordance  with  the  present  invention. 

[0012]  FIG.  2 (a)  is  a  chart  showing  measured  to  predicted 
values  for  return  loss,  and  FIG.  2(6)  is  a  chart  showing 
measured  to  predicted  values  for  insertion  loss. 

[0013]  FIG.  3(a)  is  a  chart  showing  measured  to  predicted 
values  for  E-Plane  radiation  pattern,  and  FIG.  3 (b)  Ls  a  chart 
showing  measured  to  predicted  values  for  H-Plane  radiation 
pattern. 

[0014]  FIG.  4  shows  an  example  of  a  coplanar  waveguide 
continuous  transverse  stub  array. 

[0015]  FIG.  5  shows  an  example  of  a  multiband  coplanar 
waveguide  continuous  transverse  stub. 

[0016]  FIG.  6  shows  an  example  of  a  CPW-CTS  array 
with  beam  steering  capabilities. 

DETAILED  DESCRIPHON  OF  INVENTION 

[0017]  The  present  invention  provides  an  improvement 
upon  previously  known  CTS  technology,  for  example,  as 
described  in  U.S.  Pat.  No.  6,201,509,  to  a  named  inventor  in 
common  herewith,  which  Ls  incorporated  by  reference  in  its 
entirety  herein.  The  CTS  antenna  employs  a  continuous 
transverse  stub  to  form  reactive  or  radiating  elements  for 
microwave,  millimeter-wave,  and  quasi -optical  filters  and 
antennas.  Purely  reactive  elements  are  formed  by  leaving  a 
conductive  coating  on  the  surface  of  the  stub  elements  to 
form  radiating  elements.  The  conductive  material  may  be  a 
ferroelectric  material.  The  stub  may  be  formed  with  indi¬ 
vidual  stub  elements  separated  from  each  other  by  air  gaps 
or  an  appropriate  material. 

[0018]  Referring  to  FIG.  1(a),  a  schematic  diagram  illus¬ 
trates  a  co-planar  waveguide,  continuous  transverse  stub 
(CPW-CTS)  antenna  10  in  accordance  with  the  present 
invention.  The  CPW-CTS  antenna  10  has  a  planar  substrate 
base  12  made  of  a  material  with  a  low  dielectric  constant, 
and  a  pair  of  coplanar  waveguide  (CPW)  feed  elements  14a, 
14 6  extending  longitudinally  in  the  X-direction  aligned  in 
parallel  with  each  other  and  mounted  perpendicular  to  the 
plane  of  the  substrate  base  12.  The  CPW  feed  elements  14a, 
146  have  associated  with  them  quasi  IEM  modes  which  are 
interrupted  by  the  presence  of  a  continuous  transverse  stub 
element  16  formed  on  the  ground  plane.  The  presence  of  the 
purely  reactive  transverse  stub  elements  couples  a  longitu¬ 
dinal,  z-directed  displacement  current  across  the  parallel 
plate  transmission  line  and  coplanar  waveguide  interface. 
This  induced  current  excites  z-directed  EM  waves  where  the 
electric  field  is  linearly  polarized  in  the  transverse  direction 
(Y-direction)  to  the  stub  elements,  so  that  the  CPW-CTS 
antenna  operates  as  a  traveling-wave-fed  antenna. 

[0019]  The  coupling  values  from  the  CPW  elements  to  the 
stub  radiating  elements  are  primarily  dependent  on  the 
following  dimensional  parameters: 

[0020]  Height  (HI)  of  the  top  of  the  CPW  feed  elements 
above  the  ground  plane 

[0021]  Gap  clearance  height  (1 12)  of  the  CPW  feed  ele¬ 
ments  over  the  ground  plane 

[0022]  Width  (WI)  of  CPW  elements  across  the  ground 
plane 


[0023]  Width  (W2)  on  each  side  externally  from  the  width 
of  CPW  elements 

[0024]  Distance  (LI)  between  parallel  CPW  elements 

[0025]  Distance  (L2)  on  each  side  externally  from  the 
CPW  elements 

[0026]  Central  portion  width  (CW1)  between  stub  radiat¬ 
ing  elements 

[0027]  Signal  conductor  width  (CW)  of  stub  radiating 
elements 

[0028]  Total  stub  gap  width  (GW)  of  central  portion  and 
stub  radiating  elements 

[0029]  Dielectric  constant  (€=r)  of  conductive  material  for 
transverse  stub 

[0030]  Substrate  height  (SH) 

[0031]  The  transverse  stub  is  preferably  formed  by  a 
central  portion  of  width  (CW1)  made  of  a  conductive 
coating  disposed  on  the  ground  plane  surface  with  gap 
portions  of  width  (CW)  on  each  side  thereof,  providing  a 
total  stub  gap  width  (GW).  The  CPW  feed  elements  are 
preferably  a  pair  of  parallel  plates  spaced  apart  by  a  first 
length  (LI)  and  having  a  width  (Wl)  and  height  (HI)  above 
the  ground  plane,  line  transverse  stub  extends  perpendicu¬ 
larly  through  a  clearance  gap  of  height  (H2)  in  the  transverse 
direction  across  the  ground  plane.  The  clearance  gap  height 
(1 12)  is  used  to  adjust  the  coupling  capacitance  to  compen¬ 
sate  the  inductance  of  the  purely  reactive  stub  elements.  The 
antenna  is  fed  with  a  simple  coplanar  waveguide  transmis¬ 
sion  line  formed  by  the  parallel  CPW  elements.  The  feed 
point  (1.2)  is  positioned  away  from  the  edge  of  the  stubs  to 
maintain  a  good  impedance  match.  L2  is  carefully  chosen  to 
obtain  the  desired  radiation  pattern  as  a  result  of  the  axis  EE 
of  the  feed  line  being  oriented  in  line  with  the  E-Plane 
radiation  pattern.  The  substrate  height  (SH)  is  chosen  for 
structural  integrity  and  for  improving  the  directive  gain. 

[0032]  In  a  preferred  embodiment,  the  signal  conductor 
width  (CW),  total  stub  gap  width  (GW),  and  dielectric 
constant  (6^)  were  chosen  to  provide  50  ohms  feed  imped¬ 
ance.  The  length  (LI),  width  (WI),  and  height  (III)  of  the 
parallel  plates  were  selected  to  be  approximately  a  half 
wavelength,  one  wavelength,  and  one-third  wavelength, 
respectively.  The  values  of  CW  and  CTW1  were  carefully 
chosen  and  after  extensive  simulations  to  produce  increased 
radiated  power  and  at  the  same  time  maintain  good  imped¬ 
ance  match.  The  width  (W2)  of  the  opposite  outward  por¬ 
tions  from  the  plates  is  selected  to  reduce  undesired  back 
lobes,  most  notably  in  the  H-Plane  radiation  measurements. 

[0033]  For  simulation  testing  of  the  operating  character¬ 
istics  of  the  CPW-CTS  antenna,  a  WIPL-D  electromagnetic 
modeling  program  was  used.  It  Ls  a  full  3-D  electromagnetic 
simulation  based  on  the  method  of  moments,  c.g.,  as 
described  by  Kolundzija,  B.,  Ognjanovic,  J.  and  Sarkar,  T., 
WIPL-D:  Electromagnetic  Modeling  of  Composite  Wire  and 
Plates  Structures — Software  and  User*s  Manual Artech 
House,  Boston,  2000.  An  antenna  operating  at  5.3  GHz  was 
designed  and  desired  features  include  low  input  impedance, 
high  radiated  power,  and  a  broadside  radiation  pattern  The 
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design  dimensions  obtained  after  extensive  simulations  were 
as  follows: 

[0034]  Hl-18.2  mm 

[0035]  H2-1.5  mm 

[0036]  Wl-54.5  mm 

[0037]  W2-28.3  mm 

[0038]  Ll-27.3  mm 

[0039]  L  2-54.5  mm 
[0040]  CW-CW1-4.7  mm 

[0041]  GW-5.97  mm 

[0042]  Dielectric  constant  Gr-2.94  (RT/Duroid  6002) 
[0043]  SH-3.01  mm. 


[0049]  Example  of  CPW-CTS  Antenna  Array 

[0050]  The  invented  continuous  transverse  stub  design  can 
be  integrated  in  an  array  arrangement  as  shown  in  FIG.  4  to 
increase  the  gain  and  narrow  the  beam  width  of  the  overall 
antenna.  Increased  gain  may  be  achieved  by  increasing  the 
amount  of  stub  elements.  Accomplishing  this  using  a  single 
feed  in  the  antenna  arrangements  provides  a  significant 
advantage  in  simplicity  of  implementation  and  low  cost  of 
fabrication.  The  coupling  from  the  microstrip  to  the  radiat¬ 
ing  elements  is  primarily  dependent  on  the  parallel  plate 
spacing  (LI)  and  width  (Wl).  The  element  to  element 
spacing  (SI)  controls  the  amount  of  mutual  coupling 
between  each  element.  Element  spacings  are  chosen  to  be 
approximately  equal  to  an  integral  number  of  wavelengths 
(typically  one)  within  the  coplanar  waveguide  region.  With 
increased  elements,  appropriate  variation  of  the  plate  spac¬ 
ing  (LI)  and  clement  to  clement  spacings  (SI)  arc  required 
to  achieve  the  desired  radiated  power  based  on  the  series 
nature  of  the  array. 


[0044]  A  prototype  of  the  CP W- Cl'S  antenna  was  fabri¬ 
cated  using  the  above  simulation-designed  parameters,  as 
shown  in  FIG.  1(6).  A  coaxial  tube  type  of  transverse  stub 
16’  (as  described  in  U.S.  Pat.  No.  6,201,509)  was  used  in  this 
prototype  In  the  figure,  a  styrofoam  spacer  14  is  shown 
inserted  over  the  radiating  stub  16’  between  the  CPW 
elements  14a,  146  to  accurately  maintain  the  radiating 
dimensions  of  the  design  distance  between  elements. 

[0045]  Referring  to  FIGS.  2(a)  and  2(6),  the  charts  of 
frequency  (GHz)  to  signal  (dB)  show  good  agreement 
between  the  measured  and  the  predicted  (simulated)  return 
and  insertion  losses,  respectively.  As  can  be  seen,  S21  was 
better  than  -10  dB  between  5.2  and  5.6  GHz  with  a  radiated 
power  ratio  greater  than  40%,  where  the  radiated  power  ratio 
is  given  by: 


-  Pwrrtfl  -  pwr,mn3 
Pwr^ 


*  100% 


0) 


[0046]  The  term  transferred  power  is  used  to  account  for 
the  amount  of  power  received  at  the  end  of  the  antenna  and 
after  the  radiating  stub. 

[0047]  FIGS.  3(a)  and  3(6)  shows  good  agreement 
between  the  measured  and  the  predicted  E-Plane  and 
H-Plane  radiation  patterns  at  5.3  GIlz,  respectively.  The 
measured  E-Plane  beam  peak  was  -18°  and  the  measured 
3-dB  beam  width  was  74.8°.  The  maximum  back  lobe  was 
-14  dB  from  the  maximum  beam  peak.  Hie  maximum  back 
lobe  of  the  measured  H-Plane  was  -17  dB  down  from  the 
maximum  beam  peak.  The  good  agreement  between  pre¬ 
dicted  and  measured  results  validates  the  predictability  of 
the  performance  of  this  new  antenna  design. 

[0048]  Other  design  selections  and  modifications  may  be 
made  to  optimize  the  dimensions,  characteristics,  and/or 
performance  of  the  CPW-Cl'S  antenna.  For  example,  the 
square  stubs  of  the  CPW-CTS  antenna  shown  in  FIG.  1(a) 
may  be  replaced  with  semi-circular  stubs  in  order  to  form  a 
low  profile  antenna  with  radial  dimensions  equivalent  to  the 
height  (HI).  Simulated  results  of  such  a  configuration 
showed  identical  results. 


[0051]  Example  of  CPW-CTS  Multiband  Array 

[0052]  A  multiband  planar  array  for  microwave  and  mil¬ 
limeter  wave  applications  may  be  constructed  through 
appropriate  selection  of  intcr-clcmcnt  spacings  and  continu¬ 
ous  transverse  stub  parameters.  The  selected  frequency 
bands  may  be  well  separated  due  to  the  dispersion  less  nature 
of  the  air  filled  parallel  plate  transmission  line  structure  and 
the  frequency  independent  orthogonality  of  the  coplanar 
waveguide  modes.  A  six  element  multiband  (two  bands  in 
this  case  with  three  elements  array  in  each  band)  coplanar 
waveguide  continuous  transverse  stub  is  shown  in  FIG.  5. 
Pcriodically-spaccd  continuous  transverse  stub  elements 
designed  to  operate  at  the  appropriate  frequency  bands  are 
arranged  with  the  high  frequency  radiators  closest  to  the 
feed  and  low  frequency  radiators  farthest  from  the  feed  In 
this  case  the  first  three  elements  radiate  at  high  frequency 
and  last  three  radiate  at  lower  frequencies  Typical  planar 
array  developments  require  the  design  of  separate  subarrays 
for  each  frequency  band  then  merged  to  form  the  multiband 
array.  Appropriate  multiband  performance  is  achieved  with 
proper  selection  of  the  sub  array  spacing  (S).  Based  on  the 
wavelength  dependence  of  the  parallel  plate  elements  and 
inter-element  spacings,  the  subarray  designed  for  higher 
frequencies  will  be  relatively  smaller  compared  with  those 
for  lower  frequencies.  Extended  frequency  bands  may  be 
realized  using  the  aforementioned  techniques. 

[0053]  Example  of  CPW-Cl'S  Array  With  Beam  Steering 
Capabilities 

[0054]  Hie  coplanar  implementation  of  the  continuous 
transverse  stub  technology  also  lends  itself  to  effective  and 
low  cost  designs  of  antenna  arrays  with  beam  steering 
capabilities.  As  shown  in  FIG.  6,  by  including  a  layer  of 
tunable  dielectric  materials  such  as  Banum  Strontium  Oxide 
(BSTO),  and  providing  the  necessary  biasing  arrangement 
required  to  provide  proper  modulation  of  the  dielectric 
constant,  the  radiation  pattern  of  the  array  may  be  steered 
along  the  axis  of  the  array.  To  help  with  the  reduction  of  the 
insertion  loss  of  the  developed  devices,  a  multilayer  arrange¬ 
ment  including  a  low  loss  dielectric  between  the  conductors 
and  the  Barium  Strontium  Oxide  layer  (as  shown  in  FIG.  6) 
may  be  implemented.  For  more  details  on  BSTO  technology 
for  CTS  antenna  arrays,  see  W.  Kim,  M.  Iskander,  and  C. 
Tanaka,  “High-performance  low-cost  phase-shifter  design 
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based  on  ferroelectric  materials  technology”,  I  EE  Electronic 
Letters,  2004,  vol.  40,  no.  21,  pp.  1345-1347. 

[0055]  The  coplanar  waveguide  continuous  transverse 
stub  array  has  many  performance,  reproducibility,  and  appli¬ 
cation  advantages  over  conventional  slotted  waveguide 
array,  printed  patch  array,  and  reflector  and  lens  antenna 
approaches  in  applications  for  which  planar  arrays  have 
been  inappropriate  due  to  traditional  bandwidth  and/or  cost 
limitations.  Produeibility  advantages  include  considerable 
insensitivity  to  dimensional  and  limited  material  properties 
variations  and  simplified  fabrication  and  processing  proce¬ 
dures  and  ease  of  integration  in  the  transceiver  systems.  This 
all  leads  to  the  low  cost  advantage  of  this  technology. 
Making  antenna  components  with  BSTO  ceramics  with 
reliable  dimensions  in  cylindrical  geometries  is  currently 
achievable,  and  the  planar  structure  of  this  CPW-CTS 
antenna  configuration  will  facilitate  this  with  case. 

[0056]  In  summary,  a  new  coplanar  waveguide  CTS 
(CPW-CTS)  antenna  has  been  described.  Advantages  of  this 
new  design  include  low  cost,  low  profile,  light  weight,  and 
a  very  simple  planar  microstrip  feed  configuration.  The 
design  was  validated  by  comparing  measured  results  of  a 
designed  prototype  against  simulation  results  for  a  single 
element  CPW-CTS  design  in  the  5.2  to  5.6  GHz  band.  Both 
S-parameters  and  radiation  pattern  results  were  examined 
and  good  agreement  between  the  experimental  and  simula¬ 
tion  data  were  illustrated.  Specifically,  the  designed  one- 
element  antenna  exhibited  a  well-formed  broadside  main 
beam  at  the  5.3  GHz  and  good  50  ohms  impedance  match 
(-10  dB)  from  5.2  to  5.5  GHz. 

[0057]  For  further  development,  the  coplanar  waveguide 
CTS  antenna  design  can  be  loaded  with  multiple  elements  to 
form  a  series  array  for  improved  directive  gain  and  narrow 
beam  widths.  A  multiple  element  array  could  also  be  formed 
with  frequency  selective  sections  to  enable  multiband  opera¬ 
tion.  The  planar  design  could  be  integrated  with  tunable 
ferroelectric  materials  to  introduce  multiband,  electronic 
beam  scanning  capabilities,  for  example,  as  discussed  in  M. 
Iskander,  Z.  Zhang,  Z.  Yun,  R.  Isom,  M.  Hawkins,  R.  Ennek, 
B.  Bosco,  J.  Synowezynski,  and  B.  Gersten,  “New  phase 
shifters  and  phased  antenna  array  designs  based  on  ferro¬ 
electric  materials  and  CTS  technologies, "IEEE  Trans. 
Microwave  Theory  Tech.,  vol.  49,  no.  12,  December  2001, 
and  W.  Kim,  M.  F.  Iskander,  “High  Performance  lx>w  Cost 
Phase  Shifters  Design  Based  on  the  Ferroelectric  Materials 
Techno logy, ’TEE  Electronic  Letters,  2004,  vol.  40,  no.  21, 
pp  1345-1347. 

[0058]  It  is  understood  that  many  modifications  and  varia¬ 
tions  may  be  devised  given  the  above  description  of  the 
principles  of  the  invention  It  is  intended  that  all  sueh 
modifications  and  variations  be  considered  as  within  the 
spirit  and  scope  of  this  invention,  as  defined  in  the  following 
elaims. 

1.  An  improved  continuous  transverse  stub  (CTS)  antenna 
comprising: 

(a)  a  planar  substrate  base  made  of  material  of  a  low 
dielectric  constant; 

(b)  a  pair  of  coplanar  waveguide  (CPW)  feed  elements 
spaced  apart  by  a  given  distance  aligned  in  parallel  with 
each  other  and  mounted  perpendicularly  on  a  ground 
plane  surface  of  the  substrate  base,  wherein  said  CPW 


feed  elements  form  a  parallel  feed  transmission  line 
through  a  coplanar  waveguide  interface;  and 

(c)  a  continuous  transverse  stub  disposed  on  the  ground 
plane  surface  of  the  substrate  base  extending  in  a 
transverse  direction  perpendicularly  through  a  clear¬ 
ance  gap  formed  through  the  CPW  feed  elements, 
wherein  said  transverse  stub  acts  as  a  reactive,  radiating 
member  in  conjunction  with  the  feed  transmission  line 
of  the  coplanar  waveguide  interface  for  operation  as  a 
traveling-wave-fed  antenna. 

2  An  improved  continuous  transverse  stub  (CTS)  antenna 
according  to  claim  1,  wherein  the  CPW  feed  elements  have 
a  first  height  (HI)  above  the  ground  plane  surface  and  a  first 
width  (Wl)  across  the  ground  plane  surface,  a  gap  height 
(H2)  of  the  clearance  gap  above  the  ground  plane  surface,  a 
second  width  (W2)  of  opposite  outward  portions  on  the 
ground  plane  surface  on  each  outward  side  of  the  CPW  feed 
elements,  a  first  length  (LI)  between  the  parallel  CPW  feed 
elements,  and  a  second  length  (1-2)  of  opposite  outward 
portions  on  the  ground  plane  surface  on  each  outward  side 
of  the  CPW  feed  elements. 

3.  An  improved  continuous  transverse  stub  (CTS)  antenna 
according  to  claim  2,  wherein  the  clearance  gap  height  (H2) 
is  used  to  adjust  a  coupling  capacitance  to  compensate  for 
induetance  of  the  reactive  transverse  stub. 

4.  An  improved  continuous  transverse  stub  (CTS)  antenna 
according  to  claim  2,  wherein  the  second  length  (L2)  of  the 
outward  portions  from  the  CPW  feed  elements  is  selected  to 
maintain  a  good  impedance  match. 

5.  An  improved  continuous  transverse  stub  (CTS)  antenna 
according  to  claim  2,  wherein  the  preferred  first  length  (LI), 
first  width  (Wl),  and  first  height  (HI)  arc  selected  to  be 
approximately  a  half  wavelength,  one  wavelength,  and  one 
third  wavelength  of  a  traveling  wave  sent  on  the  feed 
transmission  line. 

6.  An  improved  continuous  transverse  stub  (CTS)  antenna 
according  to  claim  2,  wherein  the  CPW  feed  elements  are  a 
pair  of  rectangular  plates  in  parallel  having  the  first  length 
(LI)  between  them  and  each  having  the  first  width  (Wl)  and 
first  height  (HI). 

7.  An  improved  continuous  transverse  stub  (CTS)  antenna 
according  to  claim  2,  wherein  the  CPW  feed  elements  are  a 
pair  of  semi-circular  plates  in  parallel  having  the  first  length 
(LI)  between  them  and  each  having  the  first  width  (Wl)  and 
first  height  (Ill)  at  its  apex. 

8.  An  improved  continuous  transverse  stub  (CTS)  antenna 
according  to  claim  2,  wherein  the  width  (W2)  of  the  opposite 
outward  portions  on  each  side  of  the  first  width  (Wl)  of  the 
CPW  feed  elements  is  preferably  one  third  wavelength  of  a 
traveling  wave  sent  on  the  feed  traasmission  line  to  reduce 
undesired  back  lobes. 

9  An  improved  continuous  transverse  stub  (CTS)  antenna 
according  to  claim  1,  wherein  the  transverse  stub  is  formed 
by  a  central  portion  of  width  (CW1)  made  of  a  conductive 
coating  extending  longitudinally  in  the  transverse  direction 
on  the  ground  plane  surface  through  the  clearance  gap 
formed  through  the  CPW  feed  elements,  and  a  pair  of  stub 
gaps  of  width  (CW)  on  each  side  of  the  central  portion 
separating  it  from  opposite  outward  portions  on  the  ground 
plane  surfaee  on  each  outward  side  of  the  pair  of  gaps. 

10  An  improved  continuous  transverse  stub  (CTS) 
antenna  according  to  claim  9,  wherein  the  central  portion 
width  (CW1),  signal  conductor  width  (CW)  of  the  pair  of 
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stub  gaps,  total  stub  gap  width  (GW),  and  dielectric  constant 
(GE,)  of  the  stub  material  are  chosen  to  provide  50  ohm  feed 
impedance. 

11.  An  improved  continuous  transverse  stub  (CTS) 
antenna  according  to  claim  1,  wherein  the  CPW  feed  ele¬ 
ments  have  a  first  height  (III)  above  the  ground  plane 
surface  and  a  first  width  (Wl)  across  the  ground  plane 
surface,  a  gap  height  (H2)  of  the  clearance  gap  above  the 
ground  plane  surface,  a  second  width  (W2)  of  opposite 
outward  portions  on  the  ground  plane  surface  on  each 
outward  side  of  the  CPW  feed  elements,  a  first  length  (LI) 
between  the  parallel  CPW  feed  elements,  a  second  length 
(12)  of  opposite  outward  portions  on  the  ground  plane 
surface  on  each  outward  side  of  the  CPW  feed  elements,  and 
wherein  the  transverse  stub  is  formed  by  a  central  portion  of 
width  (CWl)  made  of  a  conductive  coating  extending  lon¬ 
gitudinally  in  the  transverse  direction  on  the  ground  plane 
surface  through  the  clearance  gap  formed  through  the  CPW 
feed  elements,  and  a  pair  of  stub  gaps  of  width  (CW)  on  each 
side  of  the  central  portion  separating  it  from  opposite 
outward  portions  on  the  ground  plane  surface  for  a  total  stub 
gap  width  (GW),  said  antenna  being  designed  for  operating 
at  5.3  GHz  and  having  the  following  approximate  values 
selected  to  provide  for  low  input  impedance,  high  radiated 
power,  and  a  broadside  radiation  pattern" 


Hl-18.2  mm 
112-1.5  mm 
W  1-54.5  mm 
W2-28.3  mm 
Ll-27.3  mm 
12-54.5  mm 
CW-CWl-4.7mm 
GW-5.97  mm 

Dielectric  constant  (Gr)-2.94  (RT/Duroid  6002) 

SI1-3.01  mm. 

12.  An  improved  continuous  transverse  stub  (CTS) 

antenna  according  to  claim  1,  formed  as  a  coplanar 

waveguide  contmuous  transverse  stub  array. 

13.  An  improved  continuous  transverse  stub  ((^TS) 

antenna  according  to  claim  1,  formed  as  a  multiband  copla¬ 
nar  waveguide  continuous  transverse  stub  antenna. 

14.  An  improved  continuous  transverse  stub  (CTS) 

antenna  according  to  claim  1,  formed  as  a  CPW-Cl'S  array 
with  beam  steering  capabilities. 

***** 
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Abstract:  A  novel  approach  in  ferroelectric  phase  shifters  design  using  BaxSri_xTi03 
(BSTO)  films  in  a  multilayer  dielectric  coplanar  waveguide  structure  is  described.  By 
including  a  low  loss  dielectric  layer  (Si02)  between  the  coplanar  waveguide  conductors 
and  the  ferroelectric  material  in  conjunction  with  a  via  to  allow  the  signal  conductors  to 
contact  the  ferroelectric  layer  to  employ  biasing,  significant  reduction  in  insertion  loss 
can  be  achieved  in  conjunction  with  a  three  fold  increase  in  figure  of  merit  (7dB) 
compared  to  the  case  with  direct  metallization  on  the  ferroelectric  layer. 

I.  Introduction 

To  enable  and  fully  develop  next  generation  of  integrated  (terrestrial  wireless,  satellite, 
and  GPS)  and  broadband  wireless  communications  technology  and  realize  its  much 
anticipated  benefits  in  commercial  and  militaiy  applications,  it  is  critically  important  that 
low  cost  and  high  gain  phased  antenna  arrays  with  beam  steering  capability  be  developed. 
These  antennas  may  require  thousands  of  phase  shifters  and  hence  some  focus  needs  to 
be  placed  on  exploring  new  and  innovative  designs  for  low  cost  and  high  performance 
microwave  and  millimeter  wave  phase  shifters.  Specifically,  low-cost,  compact  phase 
shifters  are  required  that  can  provide  the  full  360°  range  of  phase  shift  while  minimizing 
the  associated  insertion  and  mismatch  losses. 

The  proposed  approach  for  developing  low  cost  and  high  performance  tunable 
microwave  devices  and  phase  shifters  is  based  on  the  utilization  of  ferroelectric  materials. 
These  materials  are  characterized  by  change  in  permittivity  with  an  applied  dc-bias 
voltage.  This  change  in  permittivity  can  be  used  to  change  the  electrical  length  of  a 
transmission  line  and,  hence,  in  the  design  of  low-cost  phase  shifters.  BaxSri_xTi03 
(BSTO)  is  commonly  used,  and  recent  advances  in  the  development  of  these  materials 
have  resulted  in  lowering  the  dielectric  constant  (er~  100),  decreasing  the  loss  tangent 
(tan  8  ~  0.0009),  increasing  the  tunability  (~  20%),  and  in  reducing  the  sensitivity  of  the 
material  properties  to  temperature  variations.  It  was,  however,  generally  felt  that  phase- 
shifter  designs  based  on  this  technology,  although  low  cost,  still  exhibited  unacceptably 
high  insertion  losses  and  impractical  low  input  impedance  values.  Even  with  the 
implementation  of  the  multi-dielectric  layers  designs  in  a  microstrip  transmission  line 
arrangement  [1],  the  resulting  input  impedance  of  microstrip  and  parallel  plate  type 
structures  were  unacceptably  low. 

A  multilayer  coplanar  waveguide  (CPW)  with  a  thin  low  loss  Si02  (er  ~  3.8,  tan  8  -  le-4) 
layer  separating  the  conductors  from  the  ferroelectric  material  was  developed  in  [2].  The 
simulation  results  showed  an  improvement  in  insertion  loss  of  up  to  5  dB  in  conjunction 
with  an  improvement  in  return  loss  of  up  to  1 5  dB  at  1 0  GHz  for  the  unbiased  state  (er  ~ 
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723)  compared  to  the  direct  metallization  approach  described  in  [3].  The  multilayer 
design  in  [2]  produced  a  figure  of  merit  (FOM)  of  over  25  °/dB  at  10  GHz  for  line  length 
of  10  mm,  where  FOM  is  defined  as  the  amount  of  phase  shift  (°)  per  decibel  of  insertion 
loss.  The  multilayer  combination  resulted  in  an  overall  reduced  loss  tangent  without  loss 
of  tunability  and  phase  shifting  capabilities. 

As  may  be  expected,  the  inclusion  of  the  multilayer  dielectrics  would  complicate  the 
implementation  of  the  biasing  circuit  [2].  For  the  direct  metallization  approach  the 
ferroelectric  can  be  tuned  using  a  simple  bias  tee  arrangement.  However,  in  the 
multilayer  design  the  inclusion  of  the  low-loss,  low  dielectric  layer  effectively  “shorts 
out”  the  potential  distribution  and  virtually  eliminates  the  normal  electric  field 
component  in  the  ferroelectric  layer  resulting  in  impractical  biasing  capabilities. 

In  this  paper,  we  describe  an  alternative  CPW  phase  shifter  design  approach  that  will 
enable  biasing  of  the  ferroelectric  material  using  a  simple  bias  tee.  A  via  through  the 
Si02  layer  is  employed  to  allow  the  conducting  strip  to  contact  the  ferroelectric  material 
without  disrupting  the  crystal  structure  of  the  material.  The  signal  conductor  via 
approach  is  particularly  well-suited  in  such  applications  due  to  its  ease  in  fabrication  and 
low  cost  design.  The  Si02  layer  under  the  ground  plane  conductors  maintains  the  overall 
low  loss  tangent  without  loss  of  tunability,  input  impedance,  and  FOM. 

II.  Simulated  Models  and  Numerical  Results 

The  multilayer  CPW  illustrated  in  Fig.  1  shows  the  cross  section  of  the  signal  conductor 
in  contact  with  the  ferroelectric  layer.  For  simulation  purposes,  W1PL-D  [4]  and 
LINPAR  [5]  were  used  to  develop  design  curves  for  the  aforementioned  phase  shifter. 


Pig.  1.  Schematic  of  rrultilayer  CPW  where  a  via  is  formed  in  the  Si02  (^=3.8)  layer  to  allow  the 
conducting  strip  to  contact  the  ferroelectric  layer.  The  conductor  thickness  is  0, 1  pm 

The  characteristic  impedance,  attenuation,  phase  shift  and  FOM  were  simulated  for  the 
multilayer  CPW  at  a  frequency  of  10  GHz  for  various  strip  widths  and  gap  widths, 
exhibiting  well-behaved  design  curves  at  this  frequency.  Fig.  2  depicts  simulated  data  for 
the  multilayer  CPW  with  a  dielectric  constant  of  700  (average  between  bias  and  unbiased 
states)  and  tan  8  of  0.0075.  Large  strip  and  gap  widths  showed  characteristics  of  high 
FOM,  low  attenuation,  and  50  Q  characteristic  impedance,  and  constitutes  an 
improvement  in  attenuation  of  up  to  0.7  dB/mm  and  a  three  fold  improvement  in  FOM 
over  the  multilayer  approach  described  in  [3]. 
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Increased  phase  shift  may  be  realized  by  increasing  the  ferroelectric  thickness;  however, 
at  the  expense  of  increased  attenuation.  The  1pm  BSTO  and  Si02  thicknesses  were 
chosen  based  on  the  optimal  tradeoff  between  phase  shift  and  attenuation,  or  in  other 
words  for  maximum  FOM.  The  attenuation  constant  was  further  broken  up  into  its 
associated  dielectric  and  conductor  losses  (see  Fig.  2c)  where  it  was  found  that  the 
conductor  loss  was  the  dominant  contributor,  and  that  minimal  conductor  losses  may  be 
achieved  by  increasing  the  signal  conductor  strip  and  gap  widths.  Furthermore,  the 
conductor  losses  may  be  improved  by  increasing  the  conductor  thickness. 


(a) 


(b) 


Attn  (Conductor)  (dB/mm) 


(C) 


Fig.  2.  (a)  Impedance  and  attenuation,  (b)  FOM  and  phase  shift,  and  (c)  Dielectric  and 
conductor  attenuation  at  10  GHz  for  various  strip  widths  and  gap  widths,  where  Si02  = 
BSTO  =  lum. 


Theoretical  normal  electric  field  (Ez)  distributions  were  simulated  for  the  phase  shifter 
depicted  in  Fig.  1  with  a  strip  width  of  20  pm  and  gap  width  of  100  pm  at  a  frequency  of 
1 0  GHz,  exhibiting  consistent  normal  field  components  over  the  entire  cross  section  of 
the  BSTO  layer.  The  field  distributions  near  the  edge  of  the  conducting  strip  depend 
exclusively  upon  the  width  of  the  conducting  strip  in  conjunction  with  the  BSTO  layer 
thickness.  Adequate  polarization  of  the  BSTO  material  was  achieved  with  larger  strip 
widths  and  1  pm  thick  BSTO  layer.  As  discussed  previously  the  dimensions  required  for 
enhanced  RF  performance  is  consistent  with  those  required  for  sufficient  ferroelectric 
biasing. 
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III.  Conclusion 


A  novel,  high  performance,  and  low  cost  multilayer  ferroelectric  phase  shifter  design 
where  a  via  was  formed  in  the  Si02  layer  to  allow  the  conducting  strip  to  contact  the 
ferroelectric  layer  for  simple  ferroelectric  biasing  was  proposed  and  its  performance  was 
simulated  and  numerically  evaluated  It  is  shown  that  by  including  a  low  loss  thin 
dielectric  layer  (Si02)  between  the  coplanar  conductors  and  the  ferroelectric  materials, 
significant  reduction  in  insertion  loss  can  be  achieved  (up  to  0.7  dB/mm  for  unbiased 
case)  and  as  high  as  three  fold  increase  in  the  figure  of  merit  (°/dB)  is  possible  compared 
with  direct  metallization  approach.  It  was  also  found  that  the  dimensions  required  for 
optimal  RF  performance  is  consistent  with  those  required  for  sufficient  ferroelectric 
biasing.  This,  in  conjunction  with  the  relative  simplicity  of  the  design  and  fabrication  of 
the  CPW  phase  shifter,  makes  it  an  ideal  candidate  for  low-cost  and  high  performance 
communication  applications. 
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Modified  Green’s  Function  and  Spectral-Domain 
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Abstract — Phase-shifter  design  based  on  ferroelectric  materials 
technology  has  shown  promising  performance  characteristics 
and  the  potential  for  achieving  the  long  standing  goal  of  real¬ 
izing  high  performance,  low-eost  microwave  phase  shifters,  and 
phased-array  antennas.  In  this  paper,  we  present  a  unifying  spec¬ 
tral-domain  approach  and  a  newly  derived  Green’s  function  that 
provide  a  “first  principles”  method  for  the  design  and  analysis  of 
ferroelectric  material  based  coplanar  waveguide  phase  shifters. 
The  modified  Green’s  function  not  only  accounts  for  the  finite 
thickness  of  the  conductors,  but  also  for  the  “current  crowding” 
phenomena  that  results  from  using  the  very  high  dielectric  con¬ 
stant  ferroelectric  film.  Both  isotropic  and  anisotropic  effects  were 
analyzed  and  the  developed  theoretical  results  were  in  excellent 
agreement  with  measured  data.  It  is  also  shown  that  the  multi- 
dieleetric  layer-based  design  of  these  phase  shifters  may  provide 
nearly  threefold  increase  in  the  figure-of- merit  compared  with 
the  direct  metallization  ease.  A  new  biasing  approach  is  proposed 
to  achieve  effective  biasing  of  the  ferroelectric  layer  and  without 
excessive  field  concentration  in  the  overlaying  low  dielectric  layer. 
The  formulation,  procedure  for  the  calculation  of  the  current  and 
charge  distributions,  and  comparison  between  simulation  and 
experimental  results  are  described  and  presented  in  detail. 

Index  Terms — Anisotropic,  coplanar  waveguide  (CPW),  ferro¬ 
electric,  Green’s  function,  phase  shifter,  spectral  domain. 


I.  Introduction 

MODELING  ferroelectric  coplanar  waveguide  (CPW) 
phase  shifters  has  been  and  continues  to  be  a  com¬ 
putationally  challenging  endeavor  because  of  the  very  thin 
layers  (around  0.5-2  /im)  in  conjunction  with  possessing  large 
dielectric-constant  materials  ranging  from  100  to  several  thou¬ 
sand,  depending  on  composition,  applied  voltage,  operating 
temperature,  and  more  importantly,  the  crystalline  quality.  In 
addition  to  the  challenge  of  modeling  these  thin-film  devices, 
the  ability  to  accurately  predict  and  identify  the  various  loss 
mechanisms  become  computationally  intensive  as  the  device 
structures  become  increasingly  complex.  Losses  in  ferroelectric 
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coplanar  devices  have  consistently  shown  to  be  dominated  by 
ohmic  (conductor)  losses  associated  with  the  guiding  coplanar 
metal,  as  compared  to  other  possible  loss  mechanisms  [1],  [2], 
particularly  with  recent  advances  in  producing  low-loss  tangent 
ferroelectric  materials.  The  attenuation  due  to  ohmic  losses 
may  contribute  up  to  90%  of  the  total  loss  budget  [1]. 

In  [1],  the  self-consistent  dyadic  Green’s  function  contained 
in  the  spectral  matrix  method  automatically  calculates  the  sub¬ 
strate  and  ferroelectric  material  bulk  losses.  The  ohmic  (con¬ 
ductor  loss),  on  the  other  hand,  was  treated  in  an  alternative 
fashion.  To  model  attenuation  due  to  conductor  losses,  the  self- 
consistent  Green’s  function  was  modified  to  take  into  account 
both  the  intrinsic  and  extrinsic  parameters  of  the  coplanar  de¬ 
vice.  The  modified  term  was  found  to  simultaneously  model  the 
attenuation  and  propagation  characteristics  with  excellent  accu¬ 
racy.  Although  this  method  was  effective,  the  extrinsic  parame¬ 
ters  were  selected  to  fit  measured  data  and  did  not  allow  the  user 
to  model  the  attenuation  performance  toward  a  desired  goal. 

In  [2],  the  attenuation  in  ferroelectric  coplanar  devices  is 
modeled  based  on  the  current  crowding  depth  or  the  depth  from 
the  center  and  ground  conductor  edges  at  which  63%  of  the  cur¬ 
rent  flows.  The  current  density  was  translated  from  the  charge 
distribution  on  the  electrodes  by  means  of  the  quasi-TEM 
approximation  [3].  It  was  found  that  the  charge  distribution  was 
very  high  near  the  edges  of  the  electrodes  as  the  permittivity  of 
the  ferroelectric  film  increased  in  conjunction  with  implemen¬ 
tation  in  thin-film  technology.  In  terms  of  coplanar  devices, 
these  effects  were  considered  extrinsic  parameters.  Although 
this  method  was  effective,  it  will  not  accurately  calculate  the 
attenuation  when  the  frequency  increases  significantly  if  the 
ferroelectric  exhibits  a  high  degree  of  anisotropy  or  if  the 
ferroelectric  device  demonstrates  multimode  propagation. 

In  this  paper,  we  combine  the  two  models  described  above 
[1],  [2]  to  form  a  new  modified  dyadic  Green’s  function  term 
that  includes  both  the  intrinsic  and  extrinsic  parameters  and  de¬ 
velop  a  “first  principles”  approach  to  device  modeling.  The  “first 
principles”  approach  refers  to  the  ability  to  effectively  design 
ferroelectric  coplanar  devices  with  prior  knowledge  of  only  a 
few  measurements  based  on  information  such  as  basic  materials 
properties  and  deposition  techniques.  The  new  Green’s  func¬ 
tion  will  then  be  compared  with  measured  results  for  verifica¬ 
tion.  There  are  several  available  design  options  in  the  literature 
[4]— [6]  and  we  have  applied  the  new  Green’s  function  approach 
to  the  design  in  [1]. 
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Fig.  1.  Cross  section  of  ferroelectric  CPW  phase  shifter  employing  thm-film 
ferroelectric  technology  over  Ianthanum-aluminate  substrate. 


Following  the  development  of  the  modified  dyadic  Green’s 
function  term,  a  study  on  the  effects  of  the  anisotropic  and 
isotropic  permittivity  representations  of  the  ferroelectric 
thin-film  material  will  be  presented.  It  would  be  beneficial  to 
gain  physical  insight  into  which  the  tensor  component  dom¬ 
inates  the  overall  device  performance.  The  anisotropic  and 
isotropic  models  will  be  compared  with  the  measured  results 
presented  in  [1]. 

The  coplanar  ferroelectric  phase  shifter  exhibited  high  ohmic 
losses  and  could  be  deemed  undesirable  for  implementation 
in  practical  wireless  communication  systems  particularly  in 
phased-array  antennas.  In  an  attempt  to  reduce  the  associated 
losses,  the  newly  developed  spectral  matrix  method  will  be  used 
to  effectively  model  a  novel  multidielectric  design  that  will 
reduce  the  attenuation  constant  and  improve  the  figure-of-merit 
(FoM).  The  multidielectric  phase  shifter  employs  a  layer  of  low 
loss,  nontunable  dielectric  material  placed  in  between  the  ferro¬ 
electric  material  [BaxSrixTi03  (barium-strontium-titanate)], 
and  the  coplanar  electrodes.  Although  this  design  has  been 
described  earlier  [7],  in  this  paper,  we  present  a  first  attempt 
to  fully  analyze  its  performance  using  the  spectral-domain 
approach  together  with  the  newly  developed  Green’s  function 
formulation. 


where 


detG'  =  G'XXG'ZZ  -  G'XZG'ZX. 


(2) 


The  Green’s  function  in  (1)  is  used  in  a  system  of  homogenous 
equations  to  compute  the  propagation  constant  in  the  coplanar 
device  as  a  function  of  frequency  [8]. 

For  modeling  attenuation,  it  is  important  to  note  that  in  the 
spectral -domain  approach  described  in  [1],  it  was  necessary  to 
modify  the  self-consistent  admittance  Green’s  function  terms  in 
(1)  to  account  for  extrinsic  parameters  such  as  the  finite  thick¬ 
ness  of  the  conductors  and  to  account  for  the  substantial  amount 
of  field  lines  that  couple  between  and  penetrate  laterally  into  the 
coplanar  arrangement.  This  modification  was  implemented  to 
the  diagonal  elements  of  (1)  and  is  given  by 
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and  where  wC9  is  the  center  conductor  strip  width,  w6[0t  is  the 
gapwidth  of  the  CPW  device,  and  u>eff  is  the  newly  quantified 
term,  defined  as  the  summation  of  the  current  crowding  depths 
of  the  center  and  ground  conductors  [2].  A  similar  expression 
may  also  be  used  to  modify  the  second  diagonal  term  Gxx. 

The  relation  between  current  and  charge  density  distributions 
may  be  given  by 


II.  Ferroelectric  Coplanar  Device  Modeling 

Fig.  1  illustrates  the  geometry  of  the  thin-film  ferroelectric 
coplanar  phase  shifter  [1].  The  structure  uses  barium-stron- 
tium-titanate  (BaxSrixTi03)  with  a  compositional  ratio  of 
x  =  0.6  over  a  Ianthanum-aluminate  (LaAlOa)  substrate. 

The  total  device  width  was  138  pm ,  the  ferroelectric  layer 
thickness  was  0.5  ^im,  and  the  LaA103  substrate  layer  thickness 
was  508  p m.  The  relative  dielectric  constant  for  the  LaAlOa 
substrate  was  er  =  23.5  with  tan  6  =  3e  —  4.  The  tan  <5fe  for 
the  Bao  bSro  4TiC>3  material  was  0.01.  The  center  strip  width 
was  32.76  /im,  the  gapwidth  was  16.4  /im,  and  the  conductor 
thickness  was  1.5  p m  and  was  made  of  pure  silver  with  resis¬ 
tivity  p  =  1.629  x  10“6  ft  •  cm. 

For  the  coplanar  device,  which  was  modeled  as  two  coupled 
slots,  with  the  fields  in  the  slot  locations  expanded  in  a  complete 
set  of  basis  functions,  the  dyadic  Green’s  function  in  admittance 
form  is  given  by  [1],  [8] 


G'ad  = 


1 


detG' 


G'zz  ~G'X 
-G'  G' 


(1) 


j9(x)  =  qna(x)v  =  pav  (5) 

where  na(x)  is  the  surface  charge  concentration  and  q  is  the 
electronic  charge.  Based  on  a  study  on  the  applicability  of  using 
a  quasi-TEM  approximation  [3],  we  can  assume  no  transverse 
currents  in  the  CPW  device;  hence,  the  charge  velocity  v  has 
only  a  longitudinal  component  and,  therefore,  the  charge  and 
current  distributions  are  identical  [2]. 

To  calculate  the  charge/current  distributions  and,  hence,  to 
quantify  w€ ff  in  the  two  layer  substrate  illustrated  in  Fig.  1,  we 
have  employed  the  method  of  the  finite-difference  numerical 
method  for  multilayered  structures.  Since  the  finite-difference 
method  is  widely  used  and  its  derivation  may  be  found  else¬ 
where  [9],  [10],  it  will  not  be  derived  here.  Considering  com¬ 
putational  efficiency,  an  unequal  arm  gnd  was  employed  taking 
into  account  the  estimated  concentration  of  charges,  as  shown 
in  Fig.  2. 

Shorter  grids  were  implemented  in  regions  where  charges 
undergo  rapid  changes  and  wider  grids  in  regions  where  the 
charges  are  relatively  uniformly  distributed  or  where  the  abso¬ 
lute  value  of  the  charge  density  is  expected  to  be  small.  Along 
the  x-direction,  a  fine  grid  was  formed  near  the  conductor-gap 
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Fig.  2.  Unequal  arm  grid  illustrating  the  grid  spacing  with  a  high  confinement 
of  cells  near  the  conductor  lo  gap  interface  (x -direction)  in  conjunction  with 
high  confinement  of  cells  near  the  conductor  to  substrate  interfaces  (y-direc- 
tion).  Symmetry  was  employed  to  further  improve  computation  efficiency. 


interfaces  with  a  relatively  coarser  grid  formed  away  from  these 
regions.  Along  the  y-direction,  a  fine  grid  was  formed  near  the 
conductors  and  substrate  interfaces  and  a  relatively  coarser  grid 
further  away.  If  N  segments  are  taken  for  the  number  of  cells 
in  a  specified  region,  then  the  cell  spacings  may  be  mapped  ac¬ 
cording  to  the  relation 


=  0 


f  —a  <  x  <  a\ 
\-a  <  y  <  a  ) 
(6) 


where  and  yt  are  the  local  coordinates. 

To  quantify  the  effect  of  current  crowding,  a  current  crowding 
depth  (6CC),  defined  as  the  depth  from  the  conductor  edges  at 
which  63%  of  the  current  is  concentrated,  may  be  defined  as  [2] 


l1  _  0  / 

'  o 


(7) 


where  je(x)  is  the  surface  current  density,  s  is  the  width  of  the 
conductor,  and  e  =  2.718. 

Based  on  the  current  crowding  expression  in  (7),  the  effective 
width  weft  in  the  modifying  Green’s  function  term  (3)  may  be 
expressed  by 


Weft  =  6s+tg  (8) 

where  wC9  is  the  width  of  the  center  strip,  b9  is  the  current 
crowding  depth  of  the  center  strip,  wgp  is  the  width  of  the  ground 
plane,  and  bg  is  the  current  crowding  depth  of  the  ground  plane. 


1 .0E-09 


Fig.  3.  Charge  distributions  on  the  center  strip  conductor  for  both  biased  and 
unbiased  cases.  Taking  symmetry  into  account  (see  Fig.  1 ),  only  one  half  of  the 
center  strip  (from  x  =  0  to  x  =  1G.38  /im)  is  illustrated. 


Fig.  4  Charge  distributions  on  the  ground-plane  conductor  for  both  biased  and 
unbiased  cases.  Taking  symmetry  into  account  (see  Fig.  1 ),  only  one  side  of  the 
ground  plane  (from  .r  =  32.78  lo  x  —  G9  fim)  is  illustraied 


by  the  extremely  high  field  confinement  in  the  ferroelectric  ma¬ 
terial  as  a  result  of  the  increase  in  permittivity.  With  increased 
film  permittivity,  the  electric  field  is  forced  towards  the  edges 
of  the  electrodes,  thus  increasing  the  current  crowding  near  the 
edges. 


III.  Charge  Distributions 

The  charge/current  distribution  of  the  coplanar  electrodes  is 
illustrated  in  Fig.  3  for  the  center  conductor  and  Fig.  4  for  the 
ground-plane  conductor.  The  charge  distribution  is  evaluated  by 
multiplying  the  normal  component  of  the  electric  field  with  the 
equivalent  permittivity  surrounding  the  electrodes  and  is  given 
by 


£o£rEn  orm  —  Pa •  (9) 

The  permittivity  for  the  ferroelectric  unbiased  case  was  set  to 
er  (Vac  =  0  V)  =  440  —  j440tau6fe,  and  the  permittivity 
for  the  biased  case  was  set  to  er(Kic  =  40  V)  =  187.4  - 
j‘187.4  tan^fc,  as  was  reported  in  [1],  to  satisfy  both  a  and  (3 
simultaneously.  The  current  crowding  effect  may  be  explained 


IV.  Anisotropic  and  Isotropic  Permittivity 
Comparative  Study 


In  [1],  the  unbiased  ferroelectric  case  was  modeled  using  a 
scalar  permittivity  given  by  ev(Kfc  =  0V)=  440— j’440  tan6fP, 
and  the  biased  ferroelectric  case  was  modeled  using  a  tensor 
permittivity  given  by 


er(V  =  40  V)  = 
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(10) 


The  anisotropic  values  were  determined  based  on  a  permittivity 
extraction  algorithm  described  in  [1  ].  Basically,  the  permittivity 
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values  were  iterated  until  the  theoretical  phase  propagation 
constant  agreed  with  the  experimental  results.  We  compare 
the  tensor  permittivity  in  (10)  for  the  biased  case  to  a  scalar 
representation  given  by 


er(V  =  40  V) 
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V.  Results  and  Discussions 

u'eff  is  determined  by  first  calculating  S9  and  6g  by  substi¬ 
tuting  (9)  into  (5)  and  using  (7).  is  then  determined  using 
(8).  With  f0  =  10  GHz,  =  2.2  /im,  and  k  =  0.373  for 
the  unbiased  case  and  with  fa  =  10  GHz,  w eff  =  2.9  ^m, 
and  k  =  0.3428  for  the  biased  case,  Fig.  5(a)  and  (b)  shows 
the  attenuation  constant  for  the  unbiased  and  biased  cases,  re¬ 
spectively,  comparing  measurement  to  theoretical  results  based 
on  the  above  calculations.  In  matching  the  theoretical  results  to 
measurements,  it  was  suggested  in  [1]  that  the  excessive  mea¬ 
sured  data  excursions  between  approximately  5  and  10  GHz 
were  questionable  due  to  experimental  errors,  as  well  as  de¬ 
vice  mismatches.  Therefore,  this  data  was  not  considered  in  the 
comparison.  Similarly  the  presented  simulation  results  ignored 
these  questionable  data.  Fig.  5(c)  depicts  the  measured  phase 
shift  compared  to  theory.  The  attenuation  and  phase  shift  show 
very  good  agreement  between  the  experimental  data  and  the  pre¬ 
sented  theoretical  results. 

Fig.  5(b)  and  (c)  also  illustrates  the  comparison  between 
anisotropic  and  isotropic  ferroelectric  permittivity  models  for 
the  biased  case. 

It  can  be  seen  in  Fig.  5(a)  that  the  tensor  and  scalar  repre¬ 
sentation  of  the  ferroelectric  permittivity  are  in  exact  agreement 
(same  curve)  and  both  are  in  good  agreement  with  measured  re¬ 
sults. 

The  phase  shift  changes  by  up  to  ~  l.l°/mm  at  20  GHz  and 
is  not  considered  a  significant  difference.  Additional  simulation 
results  in  which  elements  of  the  tensor  dielectric  matrix  were 
changed  one  element  at  a  time  showed  that  the  lateral  tensor 
element  (e**)  dominate  the  performance  of  the  coplanar  device 
as  compared  to  the  other  tensor  elements. 

It  should  be  noted  that  different  ferroelectric  film  properties, 
as  well  as  coplanar  geometry  may  not  result  in  such  a  strong 
exx  dependence.  For  the  case  of  gap/ferroelectric  film  thickness 
ratio  less  than  unity,  it  is  expected  that  the  rather  strong  trans¬ 
verse  electric  field  components  will  be  inhomogeneous  with 
variations  that  are  coordinate  dependent  and,  hence,  the  need 
for  a  more  careful  anisotropic  analysis.  For  example,  results  in 
which  the  gap/ferroelectric  film  thickness  ratio  was  decreased 
to  below  unity  demonstrates  that  the  attenuation  may  change  by 
up  to  ~0.75  dB/mm  and  that  the  phase  shift  may  change  by  up 
to  ~  20° /mm  at  20  GHz,  respectively,  as  a  result  of  the  large 
dependence  on  the  perpendicular  tensor  components.  These  re¬ 
sults  are  considered  significant  and  would  require  anisotropic 
modeling.  However,  for  the  aforementioned  coplanar  geometry. 
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Fig  5.  (a)  Attenuaiion  constant  for  the  unbiased  case  £r  (Ldc  =  0  V). 
(b)  Allenuation  constanl  for  the  biased  case  er  (Ldc  =  40  V).  (c)  Phase 
shift  versus  frequency  comparing  experimenia)  dala  to  theory.  The  results 
also  illustrate  a  comparison  between  anisotropic  and  isotropic  ferroelectric 
permittivity  representations. 


the  degree  of  ani  sotropy  under  biased  conditions  does  not  cause 
significant  deviation  from  the  isotropic  model. 

Both  the  spectral  matrix  and  the  method  of  finite  difference 
were  formulated  in  Matlab.  For  the  spectral  matrix  code,  the 
number  of  basis  functions  used  to  expand  the  x  and  z  compo¬ 
nents  of  the  electric  field  in  the  CPW  slots  were  set  to  nx  — 
nz  =  3,  and  the  number  of  Fourier  spectral  terms  was  set  to 
n  =  200. 


VI.  Multidielectric  Coplanar  Phase  Shifter 

The  attenuation  constant  illustrated  in  Fig.  5  may  be  con¬ 
sidered  too  high  for  implementation  in  phased-array  antenna 
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Fig.  6.  Cross  section  of:  (a)  mu ltidi electric  ferroelectric  CPW  phase  shifter 
employing  very  thin  low-loss  nontunable  layer  between  the  ferroelectric  film 
and  the  coplanar  electrodes  and  (b)  multi  dielectric  employing  a  via  through  the 
silicon-dioxide  layer  for  simple  ferroelectric  biasing. 


systems  due  to  the  anticipated  high  scan  loss  in  conjunction 
with  low  radiation  efficiencies.  In  an  attempt  to  improve  the 
phase-shifter  performance,  an  alternate  multidielectric  layers 
design  was  proposed  in  [7].  Fig.  6(a)  depicts  a  multidielectric 
ferroelectric  phase-shifter  design  that  employs  the  placement 
of  a  low-loss  nontunable  dielectric  layer  in  between  the  fer¬ 
roelectric  material  [BaxSrixTi03  (barium-strontium-titanate)] 
and  the  coplanar  electrodes  to  reduce  the  attenuation  constant 
and  improve  the  FoM.  The  FoM  is  defined  as  the  amount  of 
phase  shift  per  decibel  loss,  where  the  loss  is  calculated  based 
on  the  unbiased  condition.  This  new  design  was  modeled  in  this 
paper  using  the  method  of  finite  differences  and  newly  devel¬ 
oped  spectral  matrix  method. 

The  charge/current  distribution  on  the  coplanar  electrodes 
is  illustrated  in  Fig.  7  for  the  center  conductor  and  Fig.  8  for 
the  ground-plane  conductor.  Both  Figs.  7  and  8  show  results 
that  compare  the  direct  metallization  case  with  the  multidielec¬ 
tric  case.  The  permittivity  for  the  unbiased  case  was  er  (V  = 
0  V)  =  440  -  j440tan<!>fe,  and  the  permittivity  for  the  biased 
case  was  er  ( V  =  40  V)  =  187.4  -  jl87.4  tan  6fe. 

For  direct  metallization,  the  charge  distribution  is  forced  to¬ 
wards  the  edges  of  the  electrodes  with  increasing  permittivity, 
thus  increasing  the  current  crowding  near  the  edges.  For  the 
multidielectric  situation  [see  Fig.  6(a)],  the  charge  distribution  is 
spread  out  across  the  electrodes  and,  hence,  not  highly  concen¬ 
trated  near  the  edges  and,  thus,  significantly  reducing  the  current 
crowding  effect. 

Based  on  the  charge  distribution  profiles  and  (8),  with  fQ  = 
10  GHz,  we ff  =  12.4  ^zm,  and  k  =  0.373  for  the  unbiased  case 
and  with  f0  =  10  GHz,  iceff  =  10/zm,  and  k  =  0.3428  for  the 


1.0E-09 


Fig.  7.  Charge  distributions  on  the  center  strip  conductor  for  both  biased  and 
unbiased  cases  comparing  the  multidielectric  and  direct  metallization  cases. 
Taking  symmetry  into  account  (see  Fig.  1),  only  one-half  of  the  center  strip 
(from  x  =  0  to  x  =  1G.38  pm)  is  illustrated. 
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Fig  8.  Charge  distributions  on  the  ground-plane  conductor  for  both  biased  and 
unbiased  cases  comparing  the  multidielectric  and  the  direct  metallization  cases. 
Taking  symmetry  into  account  (see  Fig.  1),  only  one  side  of  the  ground  plane 
(from  x  =  32.78  to  x  =  69  pm)  is  illustrated. 


biased  case.  Fig.  9  compares  the  attenuation  constant  of  the  di¬ 
rect  metallization  design  illustrated  in  Fig.  1  to  the  multidielec¬ 
tric  approach  illustrated  in  Fig.  6(a)  for  the  unbiased  and  biased 
cases.  The  attenuation  constant  decreased  by  ~  1 .85  dB/mm  at 
20  GHz  for  the  unbiased  case  and  decreased  by  ~  1 .07  dB/mm 
at  20  GHz  for  the  biased  condition. 

The  FoM  results  in  Fig.  10  demonstrate  a  significant  increase 
when  using  the  multidielectric  approach.  The  overall  phase  shift 
for  the  multidielectric  design  decreased  by  only  ~  3.6°/mm  at 
20  GHz  compared  to  the  direct  metallization  case,  while  there 
was  a  large  decrease  in  the  attenuation  constant,  and  this  is  what 
resulted  in  the  significant  overall  increase  in  the  FoM  (°/dB). 
The  FoM  improved  from  ~  6°/dB  to  ~  20° /dB  at  20  GHz  and 
illustrates  that  the  multidielectric  design  improves  the  overall 
phase-shifter  performance. 

As  expected,  the  inclusion  of  the  low-loss  SiC>2  layer  would 
complicate  the  implementation  of  the  biasing  circuit.  For  the  di¬ 
rect  metallization  approach,  the  ferroelectric  may  be  tuned  using 
a  simple  bias-tee  arrangement.  However,  in  the  multidielectric 
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Fig.  9  Attenuation  constant  a  for  the  unbiased  cr(Vdc  =  0  V)  and  biased 
€ r  (Vdc  =  40  V)  cases,  comparing  the  direct  metallization  design  shown  in 
Fig.  1,  the  multidielectric  design  shown  in  Fig.  6(a),  and  the  multidielectric  with 
via  design  shown  in  Fig.  6(b). 


Fig.  11  Characteristic  impedance  ZQ  for  the  unbiased  er(VdC  =  0  V)  case 
comparing  the  direct  metallization  design  shown  in  Fig.  1,  the  multidielectric 
design  shown  in  Fig.  6(a),  and  the  multidielectric  with  via  design  shown  in 
Fig.  6(b). 
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Fig.  10.  FoM  comparing  the  direct  metallization  design  shown  in  Fig.  1,  the 
multidielectric  design  shown  in  Fig.  6(a),  and  the  multidielectric  with  via  design 
shown  in  Fig.  6fb). 


Fig.  12.  Characteristic  impedance  Z0  for  the  biased  case  er(VdC  =  40  V), 
comparing  the  direct  metallization  design  shown  in  Fig.  1.  the  multidielectric 
design  shown  in  Fig.  6(a),  and  the  multidielectric  with  via  design  shown  in 
Fig.  6(b). 


design  with  a  low-permittivity  layer  between  the  signal  conduc¬ 
tors  and  ferroelectric  film,  it  is  expected  that  the  low-permittivity 
layer  would  effectively  “short  out”  and  ^-field  in  the  ferroelec¬ 
tric  layer  [11],  [12].  It  is  important,  therefore,  that  we  address 
appropriate  dc  biasing  for  the  ferroelectric  material  layer. 

The  multidielectric  case  in  Fig.  6(b),  which  includes  the  for¬ 
mation  of  a  via  through  the  silicon-dioxide  layer,  was  analyzed 
to  determine  the  feasibility  of  effectively  polarizing  the  ferro¬ 
electric  substrate  [11].  In  this  case,  biasing  would  involve  the 
use  of  a  bias  tee.  As  may  be  seen  from  Figs.  9  and  10,  even  with 
the  new  biasing  approach,  the  proposed  multidielectric  phase- 
shifter  design  continues  to  provide  reduced  attenuation  as  well 
as  increased  FoM. 

The  characteristic  impedance  is  illustrated  in  Fig.  1 1  for  the 
unbiased  and  Fig.  12  for  the  biased  case  for  each  of  the  three 
phase-shifter  designs.  The  increase  in  characteristic  impedance 
observed  for  the  multidielectric  designs  is  a  result  of  the  de¬ 
crease  in  distributed  capacitance  based  on  the  inclusion  of  the 
silicon  dioxide  layer. 


The  increase  in  characteristic  impedance  allows  for  improved 
impedance  match  and,  hence,  is  expected  to  result  in  fewer  os¬ 
cillations  in  the  reflection  coefficient  response. 

The  multidielectric  with  a  via  possessed  an  increase  in 
attenuation,  decrease  in  FoM,  and  decrease  in  characteristic 
impedance  compared  to  the  multidielectric  design  without  a 
via;  however,  the  via  design  still  presents  a  substantial  im¬ 
provement  (nearly  a  threefold  increase  in  FoM)  over  the  direct 
metallization  case.  If  one  is  willing  to  reduce  the  complexity  of 
ferroelectric  biasing,  then  the  multidielectric  with  a  via  phase 
shifter  is  an  attractive  alternative  for  phased-array  antenna 
systems. 

VII.  Conclusion 

A  modified  Green’s  function  term  for  modeling  ferroelec¬ 
tric  CPW  devices  was  presented.  The  previously  unknown  ex¬ 
trinsic  parameter,  wcf[,  as  reported  in  [1],  has  been  quantified 
as  the  sum  of  the  current  crowding  depths  of  both  the  signal 
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and  ground-plane  conductors  [2].  The  newly  derived  Green’s 
function  provides  a  “first  principles”  approach  to  allow  user  the 
ability  to  accurately  model  high-permittivity  ferroelectric  CPW 
phase  shifters. 

Based  on  the  observed  results  comparing  the  anisotropic 
and  isotropic  representation  of  the  ferroelectric  material,  it  was 
found  the  lateral  component  of  the  permittivity  tensor,  namely, 
the  exx  component,  dominated  the  device  performance.  The 
attenuation  constant  demonstrated  no  difference,  while  the 
phase  shift  displayed  a  slight  difference  of  ~  l.l°/mm  at 
20  GHz.  These  results  indicate  that  the  ferroelectric  material 
may  be  modeled  using  either  tensor  or  scalar  representations 
without  significant  inaccuracies. 

The  coplanar  ferroelectric  design  employing  direct  metalliza¬ 
tion  of  the  electrodes  with  the  ferroelectric  material  resulted 
in  unacceptably  high  attenuation  constant.  To  improve  the  de¬ 
vice  performance,  we  have  introduced  a  multidielectric  design 
that  incorporated  a  thin  layer  of  low-loss  nontunable  dielectric 
between  the  electrodes  and  ferroelectric  layer.  The  developed 
“first  principles”  approach  was  used  to  model  the  multidielec¬ 
tric  design.  To  improve  the  ferroelectric  biasing  capabilities,  the 
multidielectric  design  was  modified  to  include  a  via  through  the 
low-loss  nontunable  layer  [11].  It  should  be  noted  that  as  the 
voltage  drop  across  the  capacitor  stack  under  the  ground  planes 
of  the  CPW  is  much  smaller  than  that  under  the  signal  con¬ 
ductor,  the  designs  in  Figs.  1  and  6(b)  are  similar  from  the  dc 
biasing  point-of-view,  and  that  the  significant  microwave  im¬ 
provement  was  achieved  without  compromising  biasing.  The 
new  via  design  demonstrated  nearly  a  threefold  increase  in  the 
FoM  over  the  direct  metallization  case  and,  hence,  presents  itself 
as  being  attractive  for  implementation  in  phased-array  antenna 
systems. 
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An  Integrated  Phased  Array  Antenna  Design 
Using  Ferroelectric  Materials  and  the  Continuous 
Transverse  Stub  Technology 

Wayne  Kim,  Member,  IEEE ,  Magdy  F.  Iskander,  Fellow ;  IEEE ,  and  W.  Devereux  Palmer,  Senior  Member,  IEEE 


Abstract — In  this  paper,  a  new  integrated  phased  array  an¬ 
tenna  system  employing  the  ferroelectric  materials  technology 
for  electronic  beam  steering  capabilities  is  described.  The  design 
integrates  a  ferroelectric  coplanar  waveguide  phase  shifter  with 
the  continuous  transverse  stub  (CTS)  array.  The  phase  shifter 
employs  a  multi-dielectric  substrate  and  includes  a  thin  layer  of 
silicon  dioxide  between  the  signal  conductors  and  the  ferroelectric 
material  to  reduce  the  insertion  losses  and  produce  good  impedance 
matching.  The  coplanar  waveguide-based  multi-dielectric  layer 
design  demonstrated  an  effective  ferroelectric  biasing  architecture 
and  exhibited  an  increase  in  figure  of  merit  by  up  to  8  °/dB  from 
that  of  the  direct  metallization  approach.  An  integrated  two  ele¬ 
ments  phased  array  antenna  is  developed  and  demonstrates  linearly 
polarized  radiation  with  +/  —  20°  of  beam  scanning  between  the 
unbiased  and  biased  states  of  the  ferroelectric  phase  shifter. 

Index  Terms — Continuous  transverse  stub  (CTS)  antenna, 
coplanar  waveguide,  ferroelectric,  low  cost,  multiband  antenna 
array,  phase  shifter. 


I.  Introduction 

PHASED  array  antennas  have  and  will  continue  to  play  crit¬ 
ical  roles  in  the  development  of  wireless  and  satellite  com¬ 
munications  systems.  The  advancement  of  future  wireless  and 
radar  applications  requires  the  use  of  phased  array  antennas  that 
are  low  cost  and  exhibit  high  efficiencies.  In  spite  of  the  signif¬ 
icant  advances  in  the  phased  array  antennas  technologies,  there 
has  always  been  a  significant  need  for  developing  high  perfor¬ 
mance  phased  array  antennas  with  beam  steering  capabilities. 
In  this  paper  we  describe  a  design  towards  achieving  this  goal. 
It  involves  the  integrated  use  of  ferroelectric  materials  and  the 
CTS  antenna  array  technology. 

The  coplanar  waveguide  fed  continuous  transverse  stub  an¬ 
tenna  (CPW-CTS)  was  first  demonstrated  in  [  1  ],  and  advantages 
of  this  new  design  include  low  cost,  light  weight,  low  profile 
(compared  to  reflector  and  lens  antenna  systems),  and  a  very 
simple  planar  microstrip  feed  configuration.  The  low  cost  de¬ 
sign  is  achieved  through  the  use  of  printed  circuit  technologies 
as  opposed  to  traditional  waveguide  methods  used  for  the  con¬ 
tinuous  transverse  stub  technology  [2].  Furthermore,  CTS  tech¬ 
nology  is  known  to  be  tolerance  insensitive  and  hence  is  also 
low  cost  in  manufacturing. 
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Our  group  has  also  recently  developed  a  technique  that  em¬ 
ploys  a  novel  multidielectric  approach  to  coplanar  waveguide 
ferroelectric  phase  shifters  where  a  layer  of  low  loss,  non-tunable 
dielectric  such  as  silicon  dioxide  (Si02)  was  placed  in  between 
the  ferroelectric  material  (BaxSri_xTi03  (Barium  Strontium 
Titanate)  and  the  conductors.  This  approach  significantly  im¬ 
proved  the  insertion  loss  by  nearly  three  fold  in  conjunction  with 
maintaining  significant  fraction  of  the  tunability  [3]. 

In  this  paper,  we  describe  an  integrated  phased  array  antenna 
approach  that  combines  the  multidielectric  ferroelectric  phase 
shifter  design  and  the  CTS  antenna  technology  to  form  a  phased 
array  antenna  with  electronic  beam  scanning  capabilities.  Com¬ 
pared  to  other  microstrip  phased  array  antenna  designs,  the 
CPW-CTS  has  the  advantage  of  low  dispersion,  being  compact, 
and  provides  continuous  analog  beam  steering  [2].  In  addition, 
the  coplanar  waveguide  feed  is  easy  to  integrate  with  front-end 
receiver  components. 

A  new  approach  for  biasing  the  ferroelectric  material  in  the 
coplanar  multidielectric  structure  was  developed  and  simulation 
results  under  dc  bias  conditions  demonstrates  that  the  poten¬ 
tial  distribution  penetrates  deep  into  the  ferroelectric  film  and 
is  fully  pronounced  under  the  signal  conductor.  This  uniform 
distribution  verifies  that  the  dc  voltage  requirement  for  the  mul- 
tidielectric  design  is  equivalent  to  the  direct  metallization  archi¬ 
tecture.  In  addition,  the  phase  shifter  performance  under  these 
new  biasing  arrangements  was  examined  and  an  increase  in  the 
figure  of  merit  (FOM)  by  up  to  8°/dB  above  that  of  the  direct 
metallization  approach  was  achieved. 

The  paper  is  organized  as  follows:  Section  II  describes  the 
phase  shifter  design  including  the  new  biasing  procedure  and 
ways  and  means  for  accounting  for  current  “crowding”  and  di¬ 
electric  anisotropy  when  evaluating  its  performance.  Section  III 
focuses  on  the  design  of  coplanar  waveguide  CTS  array  an¬ 
tennas  and  its  integration  with  the  ferroelectrics  to  achieve  the 
desired  beam  steering  capability.  Section  IV  summarizes  the 
findings  and  concludes  the  paper. 

II.  Phase  Shifter  Design 

The  use  of  ferroelectric  materials  was  met  with  extreme  chal¬ 
lenges  as  the  high  value  of  the  dielectric  constant  of  these  mate¬ 
rials  results  in  a  significant  reduction  in  the  input  impedance  of 
the  loaded  devices;  hence,  unacceptably  large  values  of  ohmic 
losses.  Our  group  has  recently  developed  a  technique  to  over¬ 
come  this  difficulty  by  employing  a  novel  multilayer  dielectric 
materials  design  that,  while  overcoming  the  return  loss  and  in¬ 
sertion  loss  limitations  of  available  designs,  resulted  in  a  chal¬ 
lenging  biasing  arrangement  [3].  If  dc  biasing  is  to  be  done 


00 18-926X7$ 20 .00  €>  2006  IEEE 


Authorized  licensed  use  limited  to.  UNIV  OF  HAWAII  LIBRARY  Downloaded  on  June  19,2010  at  01:25:33  UTC  from  IEEE  Xplore.  Restrictions  apply. 


3096 


IEEE  TRANSACTIONS  ON  ANTENNAS  AND  PROPAGATION,  VOL.  54.  NO  1 1,  NOVEMBER  2006 


Fig.  1.  Unequal  arm  grid  showing  grid  spacing  with  a  high  confinement  of 
cells  near  the  conductor  to  gap  interface  (;r -direction)  in  conjunction  with  high 
confinement  of  cells  near  the  conductor  regions  (y-direction). 
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Fig.  2.  Potential  distribution  over  a  cross  section  of  the  ferroelectric  phase 
shifter  where  the  phase  shifter  includes  a  thin  layer  of  silicon  dioxide  between 
the  conductors  and  the  ferroelectric  layer.  The  potential  distribution  employs 
symmetry,  and  the  dimensions  arc  given  in  microns. 


through  the  regular  biasing  approach  using  a  biasing  tee,  it  is 
expected  that  much  of  the  potential  distribution  will  be  concen¬ 
trated  in  the  SiC>2  layer  above  (rather  than  within)  the  ferroelec¬ 
tric  layer.  To  help  quantify  the  potential  distribution  across  the 
ferroelectric  substrate  between  bias  states,  and  possibly  lead  to 
identifying  a  procedure  for  optimizing  the  biasing  procedure, 
the  method  of  finite  differences  was  employed  [4],  [5]. 

Considering  computational  efficiency,  an  unequal  arm  grid 
was  implemented  taking  into  account  the  estimated  concen¬ 
tration  of  charges.  Shorter  grids  were  used  in  regions  where 
charges  undergo  rapid  changes  and  wider  grids  in  regions 
where  the  charges  are  relatively  uniformly  distributed  or  where 
the  absolute  value  of  the  charge  density  is  expected  to  be  small. 
Along  the  x-direction  in  Fig.  1,  a  fine  grid  was  formed  near 
conductor-gap  interfaces  and  a  relatively  coarser  grid  was 
formed  away  from  these  regions.  Along  the  y-direction,  a  fine 
grid  was  formed  near  the  conductors  and  substrate  interfaces 
and  a  relatively  coarser  grid  further  away.  If  N  segments  are 
taken  for  the  number  of  cells  in  a  specified  region,  then  the  cell 
spacings  may  be  mapped  according  to  the  relation 


—a  cos 


in 
N ' 


i  =  0, . . . ,  N, 


f-a  <  x  <  a 
\-a  <  y  <  a 


(1) 


where  X[  and  yi  are  the  local  coordinates  running  along  the  x- 
or  y-directions,  respectively.  The  unequal  arm  grid  employing 
symmetry  is  illustrated  in  Fig.  1. 

With  a  conductor  thickness  =  1.5  /im,  and  a  ferroelec¬ 
tric  permittivity  of  er  =  723(1  —  jO.Ol),  Fig.  2  illustrates  that 
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Fig.  3.  (a)  Cross  section  of  ferroelectric  phase  shifter  with  the  inclusion  of  a 
silicon  oxide  layer  and  the  formation  of  a  via  hole  under  the  signal  conductor 
(b)  phase  shifter  employing  direct  metallization.  The  metallization  layers  in¬ 
clude:  Cr/Ag/Au  (250  A,  14250  A,  500  A). 


the  potential  distribution  is  primarily  concentrated  in  the  SiC>2 
layer.  Therefore,  an  alternative  procedure  is  introduced  to  ad¬ 
dress  the  biasing  issue  as  illustrated  in  Fig.  3(a).  The  new  de¬ 
sign  includes  the  formation  of  a  via  through  the  silicon  dioxide 
layer  only  under  the  center  conductor  while  maintaining  a  thin 
layer  of  oxide  under  the  ground  plane  regions.  The  direct  contact 
between  the  center  conductor  and  the  ferroelectric  layer  allows 
for  simple  biasing.  Simulation  results  of  the  potential  distribu¬ 
tions  are  shown  in  Fig.  4.  These  results  compare  the  multidielec¬ 
tric  design  shown  in  Fig.  3(a)  to  the  direct  metallization  design 
shown  in  Fig.  3(b)  [6].  It  can  be  seen  that  similar  to  the  direct 
metallization  case  [6]  with  Vdc  =  1  V,  the  potential  distribu¬ 
tion  penetrates  deeper  into  the  ferroelectric  material  for  the  mul¬ 
tilayer  design.  These  results  indicate  that  adequate  polarization 
across  ferroelectric  material  may  be  realized  with  the  formation 
of  a  via  through  the  silicon  dioxide  layer,  under  the  center  con¬ 
ductor.  Because  the  multidielectric  design  possessed  the  same 
dimensions  for  coplanar  center  conductor  width,  gap  width,  and 
ferroelectric  thickness  as  that  of  the  direct  metallization  design 
presented  in  [6],  the  new  multidielectric  design  will  also  require 
Vdc  =  40  V  [6]  to  properly  polarize  the  ferroelectric  film. 

We  next  examined  the  microwave  performance  of  the  new 
design  Fig.  3(a)  of  the  coplanar  phase  shifter.  For  this  purpose, 
we  used  three  simulation  codes  and  compared  the  results  with 
experimental  data  for  the  special  case  of  direct  metallization  of 
the  ferroelectric  material.  Specifically,  we  used  a  method  of  mo¬ 
ments  based  code  (LINPAR)  [7]  to  determine  the  per  unit  length 
transmission  line  parameters  L,  C,  R,  and  G,  a  full  3-D  method 
of  moments  code  WIPL-D  [8],  and  a  spectral  matrix  based  code 
[6],  modified  by  our  group.  Results  from  these  three  codes  were 
compared  with  the  experimental  measurements  reported  in  [6]. 

It  should  be  noted  that  WIPL-D  [8]  models  3-D  composite 
metallic  and  dielectric  structures  using  wires  and  plates.  The 
finite  conductor  thickness  is  modeled  using  thin  solid  boxes.  The 
distributed  loading  of  the  metallic  plates  may  be  given  by  the 
conductivity  of  the  metal  or  as  surface  impedance  given  by  [8] 
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Fig.  4.  Potential  distnbuti  on  over  a  cross  section  of  the  phase  shifter  for  (a)  mul- 
tidielectric  with  via  approach  and  (b)  direct  metallization  approach.  The  potential 
distribution  employs  symmetry,  and  the  dimensions  are  given  in  microns. 
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Fig.  5.  Method  for  modeling  metallization  contacts  in  WIPL-D, 


where  t  is  the  thickness  of  the  metal  and  <rm  is  the  conductivity 
of  the  metal.  The  multiconductor  combination  which  makes 
up  the  ohmic  metal  loss  of  the  phase  shifter  device  is  modeled 
using  metallic  plates,  each  with  a  unique  distributed  loading  de¬ 
pending  on  the  layer  it  represents.  Fig.  5  illustrates  a  method  for 
modeling  the  metallic  layer  combination  of  Cr/Ag/Au  (250  A, 
14250  A,  500  A).  Plate  1  represents  the  gold  (Au)  metal 
layer,  lies  in  the  free  space  domain,  and  is  assigned  a  surface 
impedance  of  0.442  S2  where  the  conductivity  is  45.21  MS/m. 
Plate  2  represents  the  silver  (Ag)  layer,  plate  3  represents  the 
silver  (Ag)  layer,  and  plate  4  represents  the  silver  (Ag)  layer. 


Each  of  the  aforementioned  plates  is  assigned  a  conductivity 
of  61.387  MS/m  and  is  in  the  free  space  domain.  Plate  5  repre¬ 
sents  the  chromium  (Cr)  layer  and  overlaps  plate  3.  Plate  5  is 
in  the  ferroelectric  substrate  domain  and  is  assigned  a  surface 
impedance  of  5.19  12  where  the  conductivity  is  7.714  MS/m. 

The  quick  variations  of  the  electromagnetic  field  at  the  inter¬ 
face  between  the  microstrip  conductor  and  the  dielectric  cannot 
be  properly  approximated  by  the  low-order  polynomial  expan¬ 
sions  associated  with  dielectric  plates.  This  edge  effect  can  be 
properly  taken  into  account  if  the  edge  of  a  dielectric  plate  con¬ 
nected  to  the  edge  of  a  microstrip  conductor  is  modeled  by  a 
separate  narrow  strip  [8].  The  length  of  the  phase  shifter  is  ar¬ 
bitrary  since  there  is  no  variation  in  the  ^-direction.  For  our  de¬ 
sign  the  line  length  was  kept  short  at  1  mm  in  order  to  keep  the 
number  of  unknowns  low  while  not  generating  any  port-to-port 
coupling.  A  total  of  299  unknowns  were  used  in  the  model  for 
good  convergence. 

LINPAR  models  2-D  multiconductor  transmission  line 
structures  by  defining  node  coordinates  at  the  interface  of  two 
homogeneous  boundaries.  A  pulse  is  then  assigned  between 
two  adjacent  nodes  and  the  method  of  moments  is  employed 
using  pulse  basis  functions.  Higher  concentration  of  nodes  is 
employed  where  charges  undergo  rapid  changes  or  where  the 
absolute  value  of  the  charge  distribution  is  expected  to  be  high. 
The  frequency  dependent  series  resistance  is  modeled  using  the 
following  relation  [7]: 

/?(/)  =  R(fte{)  '  (3) 

where  /ref  is  the  reference  frequency,  re  is  the  exponential  term 
defining  the  frequency  variation  of  the  series  resistance,  and 
R(  fTei)  is  the  series  resistance  evaluated  and  the  reference  fre¬ 
quency  given  by 

R(U f)=/^  (4) 


where  ft  is  the  conductor  permeability  (in  H/m),  which  is  prac¬ 
tically  always  equal  to  fi0 ,  and  a  is  the  conductor  conductivity 
given  in  S/m.  For  the  device  in  Fig.  3(b),  /ref  =  0.1  GHz,  re 
is  0.917  for  the  unbiased  case,  er(Vdc  =  0  V)  =  723(1  — 
jO.Ol)  and  re  is  0.855  for  the  biased  case,  er(Vdc  =  40  V)  = 
441.2(1  —  jO. 01).  The  conductor  was  made  of  pure  silver  with 
a  conductivity  of  61 .387  MS/m.  A  total  of  982  nodes  were  used 
in  the  model  to  provide  good  convergence. 

The  spectral  matrix  code  [6]  was  formulated  in  MATLAB  and 
the  number  of  basis  functions  used  to  expand  the  x  and  z  com¬ 
ponents  of  the  electric  field  in  the  coplanar  waveguide  slots  were 
set  to  nx  =  nz  =  3  and  the  number  of  Fourier  spectral  terms 
was  set  to  n  —  200.  It  is  important  to  note  that  in  the  spec¬ 
tral  domain  approach  described  in  [6],  it  was  necessary  to  intro¬ 
duce  the  following  modifying  diagonal  term  in  the  admittance 
Green’s  function  to  account  for  the  finite  thickness  of  the  con¬ 
ductors.  This  modification  was  also  implemented  in  our  code 
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where 


Weff  =  ^CentCond  +  ^GndCond  (6) 

c(/)=  (r)  6=~rl=  (7) 

\foJ  VnJUoV 


where  we ff  is  the  summation  of  the  current  crowding  depth  of 
the  center  conductor  (^CentCond)  and  the  ground  conductor 
(^GndCond)  [9].  wc#  is  the  center  conductor  strip  width  and 
Wslot  is  the  gap  width  of  the  coplanar  waveguide  device. 
f0  =  10  GHz,  u>eff  =  1.98  fi m,  and  v  =  0.373  for  the  unbiased 
case  and  f0  —  10  GHz,  u>efr  =  2.97  ^m,  and  v  =  0.3428  for 
the  biased  case.  The  values  for  obtained  using  the  current 
crowding  method  [9]  were  in  very  good  agreement  with  the 
values  presented  in  [6]  which  were  determined  based  on  fitting 
measured  data.  The  values  determined  in  [6]  were  u>eff  in  [6] 
=  2.004  /tm  for  the  unbiased  case  and  u>eff  =  3.021  (mi  for  the 
biased  case.  All  simulations  were  performed  using  a  Pentium  4 
processor  with  3.75  GB  of  RAM. 

Fig.  6  compares  the  simulation  results  from  the  three  simula¬ 
tion  codes  together  with  experimental  data  from  [6]. 

As  pointed  out  in  [6],  the  experimental  data  between  about  5 
to  1 1  GHz  was  questionable  and  therefore  should  be  ignored.  In 
all  models,  the  attenuation  appeared  to  be  dominated  by  ohmic 
losses.  In  addition  to  possessing  high  attenuation  primarily  due 
to  ohmic  losses,  the  direct  metallization  design  also  exhibited 
low  characteristic  impedance  as  shown  in  Fig.  6(d). 

Fig.  6(a)-(c)  show  excellent  agreement  between  simulation 
and  experimental  data.  Although  measured  results  for  both 
52i  phase  angle  and  the  normalized  propagation  constant  were 
also  available  in  [6]  it  was  found  that  it  is  possible  to  replicate 
the  propagation  constant  and  phase  angle  data  above  10  GHz 
because  the  52 1  phase  angle  data  was  presented  with  a  jump 
at  7  GHz.  Data  for  the  normalized  propagation  constant  was 
presented  in  [6]  between  10-20  GHz  and  as  a  result,  Fig.  6(c) 
shows  measured  results  between  10-20  GHz.  By  multiplying 
the  normalized  propagation  constant  by  koy  in  [6,  Fig.  6]  (free 
space  propagation  constant),  the  propagation  constant  of  the 
coplanar  waveguide  could  be  obtained.  In  [6],  the  unbiased 
ferroelectric  case  was  modeled  using  a  scalar  permittivity 
given  by  er(Vdc  =  0  V)  =  723(1  —  jO.Ol),  and  the  biased 
ferroelectric  case  was  modeled  using  a  tensor  permittivity 
given  by 
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We  compare  the  tensor  permittivity  in  (8)  for  the 
to  a  scalar  representation  given  by 
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Fig.  6.  Results  of  the  direct  metallization  approach  illustrated  in  Fig.  3(b),  com¬ 
paring  measurement  to  the  spectral  matrix  method  (6],  LINPAR,  and  W1PL-D. 
(a)  attenuation  for  er(Vdc  =  0  V)  =  723(1  —  jO.Ol),  (b)  attenuation  for 
£r(Vdc  =  40  V)  =  441.2(1  —  jO.Ol),  (c)  phase  shift,  and  (d)  characteristic 
impedance. 


Fig.  7(a)  shows  the  attenuation  constant  and  Fig.  7(b)  shows  the 
phase  shift  comparing  the  anisotropic  and  isotropic  models.  As 
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Fig.  7.  (a)  Attenuation  and  (b)  phase  shift  versus  frequency  comparing  the 
anisotropic  and  isotropic  permittivity  representations  of  the  ferroelectric 
material. 


can  be  seen  in  Fig.  7(a),  the  attenuation  constant  for  the  tensor 
and  scalar  representation  of  the  ferroelectric  permittivity  are  in 
exact  agreement  (same  curve). 

The  phase  shift  data  shown  in  Fig.  7(b)  changes  by  up  to 
~  l.l°/mm  at  20  GHz  and  is  not  considered  a  significant 
difference.  Additional  simulation  results  in  which  elements 
of  the  tensor  dielectric  matrix  were  changed  one  element  at  a 
time  showed  that  the  lateral  tensor  element  (£xx)  dominates  the 
overall  device  operation  as  compared  to  the  other  tensor  ele¬ 
ments.  The  degree  of  anisotropy  for  the  ferroelectric  film  under 
biased  conditions  is  not  substantial  enough  to  cause  significant 
deviation  from  the  isotropic  model  and  hence  the  device  may 
be  accurately  modeled  using  the  scalar  representation. 

With  the  validation  of  the  simulation  codes,  it  is  important 
at  this  point  to  examine  the  phase  shifter  performance  under 
this  new  biasing  approach  as  shown  in  Fig.  3(a).  For  this  pur¬ 
pose  the  new  design  with  Sit>2  =0.1  //in  was  implemented 
and  the  simulation  results  were  compared  with  the  direct  metal¬ 
lization  approach  shown  in  Fig.  3(b).  WIPL-D  was  used  to  sim¬ 
ulate  the  new  phase  shifter  design.  Fig.  8(a)-(d)  show  results  of 
attenuation,  characteristic  impedance  and  figure  of  merit  where 
WIPL-D  was  also  used  to  model  the  direct  metallization  case. 
The  ohmic  metal  loss  was  modeled  according  to  the  methods 
described  in  Fig.  5. 
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Fig.  8.  Results  of  multidielectric  design  with  0. 1  /ini  of  silicon  dioxide  com¬ 
pared  to  the  direct  metallization  case:  (a)  attenuation  and  phase  for  unbiased 
condition,  (b)  attenuation  and  phase  for  biased  condition  (c)  characteristic 
impedance,  and  (d)  figure  of  merit. 


Fig.  8(d)  shows  that  the  figure  of  merit  (FOM)  improved 
by  up  to  8°/dB  at  20  GHz,  where  the  FOM  is  defined  as  the 


Authonzed  licensed  use  limited  to  UNIV  OF  HAWAII  LIBRARY.  Downloaded  on  June  19.2010  at  01:25:33  UTC  from  IEEE  Xplore.  Restrictions  apply 


3100 


IEEE  TRANSACTIONS  ON  ANTENNAS  AND  PROPAGATION.  VOL.  54.  NO  1 1.  NOVEMBER  2006 


Top  View 

50  O  Loid 


.tn±a 


Radialint  Sluh 


a 


lXiroid  5K70 
nr  2  3.  land  0.0005 


T 


r*~. 


(c) 


Fig,  9.  Layout  of  lhe  3  elements  CPW-CTS  array,  all  dimensions  in  mm  (a)  Top  view,  (b)  front  view  and  (c)  fabricated  prototype.  Conductor  thickness  was  35 
ftn i  (1  oz  )  electrode  posited  copper  with  conductivity  of  58  8  MS/m 


ratio  between  the  amount  of  phase  change  and  attenuation 
for  the  unbiased  state.  As  it  may  be  seen  from  Fig.  8,  even 
with  the  new  biasing  approach  (center  conductor  in  contact 
with  ferroelectric)  the  proposed  multidielectric  phase  shifter 
design  continues  to  provide  reduced  attenuation  and  increased 
characteristic  impedance  as  well  as  an  increase  in  the  FOM. 
The  increase  in  characteristic  impedance  is  a  result  of  the 
decrease  in  distributed  capacitance  with  the  inclusion  of  the 
Si02  layer.  It  may  be  noted  that  the  phase  for  each  ferroelectric 
state  degraded  slightly,  resulting  in  a  reduction  in  the  overall 
phase  shift.  The  overall  FOM,  however,  is  increased  due  to  the 
relatively  dominant  decrease  in  attenuation. 

III.  CPW-CTS  Array  and  Phased  Array  Antenna 

First  we  extend  the  design  of  the  single  element  coplanar 
waveguide  continuous  transverse  stub  (CPW-CTS)  antenna  pre¬ 
sented  in  [1]  to  a  traveling  wave  antenna  with  three  series  fed 
elements.  The  three  element  array  was  modeled  using  WIPL-D 
and  a  prototype  was  developed  at  X-band.  Fig.  9(a)-(c)  illustrate 
the  dimensions  of  the  array  and  show  a  photograph  of  the  devel¬ 
oped  prototype.  The  dimensions  of  the  coplanar  waveguide  feed 
and  load  lines  were  designed  to  provide  50  Q  impedance.  The 
selected  substrate  was  Duroid  5870  with  a  permittivity  of  2.3 
and  tan  6  of  0.0005.  The  center  to  center  stub  spacings  were  ~ 
A0/2  and  because  of  the  low  effective  permittivity  (ereff  =  1.4), 


also  ~  Xg/2  for  a  design  frequency  of  10  GHz.  The  parallel 
plate  stubs  couple  power  from  the  microstrip  transmission  line 
feed  and  are  carefully  positioned  in  the  areas  of  current  max- 
imums.  Since  this  is  a  traveling  wave  antenna  the  first  stub  is 
designed  to  couple  a  small  amount  of  power  while  the  last  stub 
couples  relatively  more.  This  is  done  by  adjusting  the  width  of 
each  stub.  The  design  was  also  implemented  such  that  induced 
currents  J*  on  each  stub  are  out  of  phase  which  is  just  the  condi¬ 
tion  required  for  the  electric  field  Ey  radiated  by  each  stub  to  be 
in  phase  in  the  direction  of  maximum  radiation  producing  linear 
polarization  and  superb  polarization  purity. 

The  measured  and  simulated  Sn  of  the  CPW-CTS  array  is 
shown  in  Fig.  10(a).  The  10-dB  bandwidth  of  the  CPW-CTS 
array  was  ~4%  and  possesses  narrow  band  characteristics, 
typical  of  resonant  arrays  with  element  spacing  of  ~  Xg/2.  The 
reflections  from  each  stub  combine  in  such  a  way  as  to  cancel 
at  the  input  of  the  array  at  only  one  frequency;  hence  the  array 
has  frequency  dependent  input  impedance.  The  copolarized 
(E-plane,  y  —  z  plane)  and  cross-polarized  (H-plane,  x  —  z 
plane)  radiation  patterns  are  shown  in  Fig.  10(b)  and  illustrates 
that  the  linearly  polarized  array  produced  a  broad  side  radiation 
pattern  with  a  beam  peak  of  10.6  dBi  at  —7.5°  from  broadside 
(towards  feed  direction)  and  a  half  power  beam  width  of  ~  36°. 
The  measured  cross  polarization  level  is  below  -20  dBi  illus¬ 
trating  outstanding  polarization  purity.  The  slight  deviation  of 
the  main  beam  from  broadside  towards  the  feed  direction  is  a 
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Fig.  10.  Measured  results  of  (a)  Sn  versus  frequency  (b)cnpolarizt;d  (E-plane, 
y  —  c  plane)  and  cross-polarized  (H-plane,  x  —  z  plane)  radiation  patterns  at 
10  GHz  versus  angle. 

result  of  the  small  increase  in  radiated  power  by  the  first  stub 
element. 

With  this  confidence  and  experimental  validation  of  the 
simulation  results  for  both  the  phase  shifter  and  the  multiele¬ 
ment  CPW-CTS  antenna  array,  we  proceeded  to  simulate  the 
desired  integrated  phased  array  antenna  with  beam  steering 
capabilities.  The  newly  designed  ferroelectric  phase  shifter  was 
integrated  with  the  coplanar  waveguide  continuous  transverse 
stub  array  to  form  a  phased  array  antenna  with  electronic 
beam  scanning  capabilities.  A  detailed  drawing  of  the  devel¬ 
oped  phased  array  antenna  employing  two  radiating  stubs  is 
illustrated  in  Fig.  1 1(a)— (d).  The  multidielectric  ferroelectric 
phase  shifter  allows  appropriate  tuning  of  the  phase  velocity, 
hence  varying  the  guide  wavelength  enabling  electronic  beam 
steering  capabilities.  The  multidielectric  coplanar  waveguide 
phase  shifter  described  in  Section  II  provides  adequate  tun- 
ability,  good  impedance  matching,  and  low  attenuation  and  is 
an  attractive  candidate  for  phased  array  applications. 

To  enhance  coupling  from  the  microstrip  feed  to  the  radiating 
stubs,  the  ferroelectric  material  is  removed  from  under  the  radi¬ 
ating  stubs  as  illustrated  in  Fig.  11(b).  The  section  under  the 
radiating  stubs  is  filled  with  low  permittivity  SiC>2.  Besides  en¬ 
hancing  the  radiation  from  the  stubs,  this  procedure  is  expected 
to  further  reduce  the  sensitivity  of  the  integrated  design  to  man¬ 
ufacturing  tolerances.  The  radiating  stub  elements  are  also  “V” 


shaped  which  are  narrow  at  the  base  and  wider  towards  the  top. 
The  tapered  geometry  makes  it  possible  to  increase  the  distance 
and  hence  the  phase  shift  between  stubs.  The  narrow  stub  sec¬ 
tion  couples  power  near  the  same  current  maximum  on  the  trans¬ 
mission  line  feed.  The  center  conductor  of  the  coplanar  wave¬ 
guide  penetrates  the  silicon  oxide  layer  and  is  in  direct  contact 
with  the  ferroelectric  layer  as  shown  in  Fig.  1 1(b). 

Simulations  were  performed  using  WIPL-D  [8].  Due  to  the 
very  thin  layers  of  the  Si02  as  well  as  the  ferroelectric  layer, 
the  computation  “plates”  run  the  risk  of  forming  “non-convex” 
geometries  where  one  dimension  of  the  plate  is  much  smaller 
than  the  other.  This  error  can  be  overcome  if  the  model  contains 
plates  with  small  dimensions,  resulting  in  high  concentration  of 
plates  in  the  ferroelectric  sections  and  an  overall  increase  in  the 
number  of  unknowns.  It  was  found  that  12  plates  for  the  multi¬ 
dielectric  phase  shifter  provided  the  necessary  convergence  and 
accurate  solution.  Fig.  12  shows  the  WIPL-D  model  with  a  con¬ 
ductor  thickness  of  1.5  /an  where  the  ohmic  metal  loss  of  the 
phase  shifter  is  modeled  according  to  the  methods  described 
in  Fig.  5.  The  radiating  stubs  were  made  of  copper  foil  with 
a  conductivity  of  58.8  MS/m.  5690  unknowns  were  used  in  the 
design. 

Results  in  Fig.  13  show  that  with  the  center  conductor  width, 
W  =  13  /mi,  gap  width,  S  =  300  /an  (to  provide  a  50  12 
transmission  line  impedance),  A  =  9.8  mm,  D  =  13  mm, 
and  C  =  8.0  mm,  a  ferroelectric  thickness  T  =  5  /an,  SiC>2 
thickness  of  0.1  /mi,  and  a  ferroelectric  permittivity  modula¬ 
tion  between  er(Vdc  =  0  V)  =  723(1  —  jO.Ol)  and  er(Vdc  = 
40  V)  =  441.2(1  -  jO.Ol),  approximately  +/  —  20°  of  elec¬ 
tronic  beam  scanning  is  observed.  The  gain  is  ~5  dBi  for  the 
unbiased  case  and  is  ~2.8  dBi  for  the  biased  case  resulting  in 
~2.2  dB  of  scan  loss  at  10  GHz.  The  half  power  beam  width  is 
~  47°  for  the  unbiased  case  and  ~  46°  for  the  biased  case.  As 
shown  in  Fig.  13(b),  the  cross  polarization  remains  below  —20 
dBi  for  both  ferroelectric  conditions  and  demonstrates  good  po¬ 
larization  purity,  similar  to  that  observed  with  the  CPW-CTS 
array. 

The  CPW-CTS  phased  array  is  a  non-resonant  antenna  array. 
The  distance  between  radiating  stub  centers  are  not  equal  to 
\g/2  under  either  biased  or  unbiased  ferroelectric  states.  It  was 
designed  to  provide  broadside  radiation  pattern  at  an  interme¬ 
diate  value  of  Xg  between  the  biased  and  unbiased  cases.  Thus 
a  broadside  radiation  pattern  is  not  observed  under  either  the 
biased  or  unbiased  ferroelectric  cases.  Based  on  the  condition 
that  the  stubs  are  not  spaced  Xg/2  apart  the  reflections  from  the 
different  stubs  do  not  add  up  in  phase  and  the  total  reflection  co¬ 
efficient  at  the  input  to  the  array  is  relatively  small.  Specifically, 
Six  for  the  unbiased  case  (er(Vdc  =  0  V)  =  723(1  -  jO.Ol)) 
was  -12  dB,  and  for  the  biased  case  (ev(Vdc  =  40  V)  = 
441.2(1  -  jO.Ol))  was  -18dB. 

While  the  above  results  illustrate  the  effectiveness  of  the  pro¬ 
posed  concept  of  integrated  low  cost  phased  array  antenna,  it 
should  be  noted  that  the  proposed  design  provides  ample  op¬ 
portunity  for  alternatives  and  optimizations  to  fit  specific  appli¬ 
cations  and  needs.  For  example,  a  thinner  ferroelectric  substrate 
may  be  implemented  to  reduce  the  Vac  requirement  of  the  phase 
shifter.  In  this  case,  we  simulated  another  design  with  the  thick¬ 
ness  of  the  ferroelectric  layer  reduced  to  T  =  0.5  /ail,  instead 
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Fig.  1 1 .  Layout  of  the  CPW-CTS  phased  array  antenna,  (a)  Top  view,  fb)  side  view,  (c)  front  view,  and  fd)  nerspective  view,  all  dimensions  in  mm  .  The  conductor 
thickness  was  1 .5  /tm  comprised  of  the  mukiconductor  combination  of  Cr/Ag/Au  (250  A,  14250  A,  500  A). 


of  T  =  5  /xm,  and  the  obtained  results  are  shown  in  Fig,  14. 
For  this  design,  the  dimensions  W  =  10  /xin,  S  =  50  /xm, 
>1  =  9  mm,  B  =  17  mm,  C  =  8.5  mm,  and  the  thick¬ 
ness  of  S1O2  layer  is  0.1  //hi.  From  Fig.  14  it  may  be  seen 
that  approximately  +/  —  15°  of  electronic  beam  scanning  was 
achieved.  This  is  smaller  than  what  was  achieved  when  thicker 
ferroelectric  layer  was  used,  but  the  gain  in  this  case  is  ^5.3 
dBi  for  the  unbiased  case  and  is  ~5.0  dBi  for  the  biased  case  re¬ 
sulting  in  only  M).3  dBi  of  scan  loss,  instead  of  2.2  dBi  scan 
loss  for  the  earlier  design,  at  10  GHz.  The  half  power  beam 
width  is  ~  42°  for  the  unbiased  case  and  ~  41°  for  the  biased 


case.  As  shown  in  Fig.  14,  the  cross  polarization  remains  below 
—20  dBi  for  both  ferroelectric  conditions  and  also  demonstrates 
good  polarization  purity.  5n  for  the  unbiased  case  (er(Vdc  = 
0  V)  =  723(1  —  jO.Ol))  was  —27  dB,  and  for  the  biased  case 
(£r(Vdc  =  40  V)  =  441.2(l-j0.01))  was- 12dB.  In  this  case, 
since  the  distance  between  elements  are  longer  (17  mm  com¬ 
pared  to  13  mm)  than  the  previous  case,  20  plates  for  the  multi- 
dielectric  phase  shifter  provided  the  necessary  convergence. 

These  and  similar  design  examples  show  that  thinner  ferro¬ 
electric  layer  may  be  employed  thus  leading  to  higher  directive 
gain,  lower  scan  loss,  but  would  require  an  increase  in  the  array 
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Fig.  12.  W1PL-D  model  of  two  element  CPW-CTS  phased  array  illustrating 
the  high  concentration  of  plates  in  the  multidielectric  phase  shifter  sections 
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Fig.  13.  (a)  Co-polarized  and  (b)  cross  polarized  radiation  pattern  of  the  phased 
array  antenna  shown  in  Fig.  11  at  10  GHz  with  +/  —  20°  of  beam  scanning 


length.  A  thicker  ferroelectric  substrate,  on  the  other  hand,  may 
be  employed  to  reduce  the  overall  array  length;  but  this  will  re¬ 
sult  in  a  lower  directive  gain,  increase  in  the  scan  loss,  and  will 
require  larger  dc  bias,  Vac. 
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Fig.  14.  (a)  Co-polanzed  and  (b)  cross  polarized  radiation  pattern  of  the  phased 
array  antenna  shown  in  Fig.  11  at  10  GHz  with  -f/  —  15°  of  beam  scanning. 


IV.  Conclusion 

A  new  biasing  approach  for  the  multidielectric  layer  phase 
shifter  presented  in  [3]  was  developed  and  simulation  results 
demonstrated  its  effectiveness  in  biasing  the  ferroelectric  layer. 
The  method  of  finite  difference  technique  was  used  to  quan¬ 
tify  the  potential  distribution  across  the  cross  section  of  the  fer¬ 
roelectric  device.  It  was  found  that  the  distribution  was  fully 
pronounced  across  the  ferroelectric  layer  and  that  an  equivalent 
voltage  with  that  of  the  direct  metallization  case  could  be  used 
to  modulate  the  permittivity. 

In  this  paper  several  modeling  tools  and  numerical  techniques 
were  used  to  develop  ferroelectric  devices  and  phased  array  an¬ 
tennas.  It  is  well  known  that  the  high  permittivity  and  ferroelec¬ 
tric  thin  film  technology  makes  modeling  computationally  in¬ 
tensive.  We  have  presented  several  approaches  to  develop  ef¬ 
fective  models.  A  first  principles  approach  towards  obtaining 
the  effective  width  (u?eff)  parameter  in  the  Green’s  function 
spectral  domain  algorithm  was  presented  and  was  in  excellent 
agreement  to  the  values  obtained  from  fitting  measured  results 
[6].  If,  however,  the  frequency  dependence  of  attenuation  is  de¬ 
sired,  other  unknown  parameters  namely  v  and  fQ  in  (4)  are 
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required  to  complete  the  analysis.  The  transmission  line  pa¬ 
rameters  obtained  from  LINPAR  provides  useful  information; 
however  as  with  the  spectral  domain  method,  modeling  fre¬ 
quency  dependent  series  resistance  requires  unknown  param¬ 
eters  namely  /max  and  rc  tn  (3).  The  ability  to  parameterize 
individual  metallic  plates  in  WIPL-D  allows  the  designer  to 
generate  an  extremely  close  replica  of  the  physical  device  and 
develop  a  very  accurate  model.  For  high  attenuation  devices 
such  as  ferroelectric  phase  shifters,  a  useful  model  for  analyzing 
the  ohmic  metal  loss  was  presented.  However,  the  limitation  of 
WIPL-D  is  that  the  dielectric  domains  are  treated  with  isotropic 
permittivity. 

The  combination  of  the  Green’s  function  algorithm  for  ana¬ 
lyzing  the  anisotropic  characteristics  of  the  ferroelectric  mate¬ 
rial,  LINPAR  for  determining  the  transmission  line  parameters 
and  WIPL-D  for  full  3-D  analysis  provides  a  powerful  combina¬ 
tion  for  a  first  principles  approach  to  ferroelectric  device  and  an¬ 
tenna  development.  It  was  shown  that  the  ferroelectric  material 
characterized  in  [6]  may  be  modeled  with  either  an  isotropic  or 
anisotropic  permittivity,  thus  allowing  the  use  of  WIPL-D.  High 
frequency  simulation  of  the  new  phase  shifter  design  showed 
performance  similar  to  the  one  reported  earlier  [3].  Specifically, 
improvement  in  both  the  attenuation  and  characteristic  imped¬ 
ances  were  observed  as  well  as  an  increase  in  FOM  by  up  to 
8°/dB. 

Furthermore,  after  experimentally  verifying  simulation 
results  for  the  multielement  CPW-CTS  array,  we  presented  re¬ 
sults  for  an  integrated  phased  array  antenna  with  beam  steering 
capabilities.  Specifically,  a  two  element  phased  array  antenna 
with  electronic  beam  scanning  capabilities  was  designed  at  10 
GHz  based  on  the  integration  of  the  multidielectnc  ferroelectric 
phase  shifter  and  the  coplanar  waveguide  continuous  transverse 
stub  array.  The  phased  array  antenna  design  is  based  on  the 
new  coplanar  waveguide  implementation  described  in  [1].  The 
phased  array  produced  nearly  +/  —  20°  (or  40°)  of  beam  scan¬ 
ning  in  conjunction  with  possessing  good  impedance  match. 
The  use  of  a  thinner  ferroelectric  layer  results  in  a  smaller  scan 
of  +/  —  15°  but  higher  gain  and  lower  scan  loss. 
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